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SUMMARY 


Results are presented of an investigation to develop simpli- 
fied methods for designing exhaust-pipe shrouds to provide desired 
or maximum cooling of exhaust installations in ■which the dynamic 
pressure of flight is utilized to force the cooling air through the 
shroud. Design equations derived from fundamental laws of heat 
transfer and pressure drop are given for parallel- and counter-flow 
exhaust -pipe-shroud systems. The only data required for use in the 
design equations are the upstream temperatures and flow rates of 
the exhaust gas and cooling air and the upstream pressures of the 
cooling air. The design equations for the parallel-flow system 
were verified within the limits of engineering accuracy for one 
shroud to exhaust -pipe diameter ratio by tests of an experimental 
exhaust -pipe-shroud setup. The equations have no diameter -ratio 
limitations provided that cooling-air flow in the annulus i3 turbu- 
lent. The verification of these equations for one diameter ratio 
lends support to the belief that the equations are applicable to 
all practical shroud to exhaust-pipe diameter ratios for which the 
cooling-air flow is expected to be turbulent. Although no tests of 
counter-flow systems were run, the counter-flow equations are believed 
to be equally applicable because of their similarity to the parallel- 

flow equations. 

» 

For simplification of the design equations, constant values 
of 0.24 and 0.30 were used for the specific heats of cooling air and 
exhaust gas, respectively, and air properties were substituted for 
exhaust -gas properties in determining the heat-transfer coefficient 
of the exhaust gas. Calculations showed that these substitutions 
for the precise terms have a negligible effect on the accuracy of 
results obtained with the design equations. 

Detailed procedures and charts for the design of shrouds are 
presented for both parallel -flow and counter-flow systems. These 
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procedures permit the determination of the proportions of an exhaust- 
pipe shroud that vill provide desired cooling of the exhaust instal- 
lation or, if desired cooling cannot he attained, permit the deter- 
mination of the proportions of the shroud that will provide the 
maximum cooling and the values of installation temperatures that 
will exist with that shroud. The design procedures, based on the 
derived equations, are complete in themselves as regards shroud 
design* An example of the use of the shroud-design procedures for 
a four -engine bomber is included. 

The equations and methods of shroud design presented are 
believed to be directly applicable to the design of shrouds for the 
tail pipes of jet engines provided that the luminosit} 1- of the gases 
in the tail pipe is negligible and the cooling air exits to the 
atmosphere. For jet-engine installations in which the luminosity 
of the gases is not negligible, however, the present analysis must 
be extended to include the heat transfer to the exhaust pipe by gas 
radiation. If the cooling-air exit pressure is decreased from 
atmospheric pressure by means of flaps or ejector pumps, the method 
of application o t the pressure-drop relations to shroud design pre- 
sented mu3t be modified to account for the departure from atmos- 
pheric pressure at the cooling-air exit. 


IKTRODUCTION 


Shrouded exhaust -pipe systems are generally used in airplanes 
to reduce the fire hazard, to cool the exhaust pipe, to reduce the 
heat radiated to other components of the installation, and to cool 
the exhaust gas flowing to turbines. An illustration of such a 
system is shown as figure 1. The systems usually consist of an 
exhaust pipe surrounded by another pipe, with cooling air passing 
through the annular space formed by the pipes and reducing the 
temperatures of the exhaust gas and the pipes. 

Although many of the necessary fundamental data have been 
available, the design of shrouded exhaust-pipe systems has been 
hampered by the lack of a coordinated rational design procedure. 
This difficulty has undoubtedly been one of the important reasons 
that shroud system trouble has been so prevalent. 

The present paper is divided into two parts. The purpose of 
part I is to present (a) an analysis of the heat exchange and the 
pressure drop in parallel -flow and counter-flow exhaust -pipe shroud 
systems and (b) an experimental verification of the analysis for 
the parallel-i low system over a representative range of air- and 
gas-flow rates. Part IX presents detailed procedures to facilitate 
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application of the analysis to shroud design. A summary of the 
necessary physical properties of air and exhaust gases, extended 
'where necessary, is given in an appendix:. 


SYMBOLS 


In addition to the following definitions of symbols, a graphical 
representation is presented in figure 2. 

A duct cross-sectional area, square feet 

a velocity of sound, feet per second 

C constant in equations (26) and (31) 

c instantaneous specific heat of fluid at constant pressure, 

P Btu/(Ib)(®F) 

c mean of instantaneous specific heats of fluid at constant 

p pressure, Btu/(lb)(°F) 


D 


F„ 


hydraulic diameter of duct, feet 


( 


4 x Cross-sectional area 


Wetted perimeter 


! ) 


diameter, feet 

shape modulus ifi radiation equation 

( 

factor of compressibility 11 + -; — + - — • ♦ 

\ 4 40 


Fg emissivity modulus in radiation equation 


/ Ap f D\ 

friction factor { — — }; also used for fuel-air ratio 
\4qZ 


g ratio of absolute to gravitational unit of mass, pounds per 

slug, or acceleration due to gravity, feet per second 
per second 

H mean total pressure, pounds per square foot 

h heat-transfer coefficient, Btu/(sec)(sq f t ) ( ) 
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J 

k 

l 

M 

\ 

m 

N 

n 

P 

Q 

I 

S 

T 

t 

V 


mechanical equivalent of heat, foot pounds per Btu (77®) 
thermal conductivity of fluid flow, Btu/(sec)(sq ft)(°F/ft) 
length hetveen stations, feet 
Mach number 

mass rate of fluid flow, slugs per second 
any number to be raised to 0.8 and to 1.8 
an exponent 

mean static pressure, pounds per square foot absolute 
quantity of heat dissipated, Btu per second 

. 2 ' 


mean dynamic pressure, pounds per square foot 


1 /m 


, 2p\A 


W 


Z = 


A 


average of upstream and downstream mean dynamic pressures, 
pounds per square foot 

surface area of body through which heat is being transferred 
mixed mean temperature, °F absolute 
mixed mean temperature, °F 

mean fluid velocity, feet per second ( — ] 

\PA/ 

value of velocity such that pV = = p 2 V 2 , feet per second 

weight rate of fluid flow, pounds per second 
c W 

C P e e 
°P a Wa 

denotes difference 
emissivity 

temperature difference, 


e 
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a 

p 

p 

0 

r 

♦ = 


absolute viscosity of fluid, slugs per fopt-second 

mean density of fluid, slugs per cubic foot (0. 0005^3 p/T) 

average of upstream and downstream mean densities of fluid, 
slugs per cubic foot 

factor depending on ratio of pipe diameters in heat-transfer 
equation (See equation (19) .) 

factor depending on ratio of pipe diameters in friction- 
factor equation (See equation (27) •) 


O) = 


1 - z 

/ rt V 



i ; 

i_ 

\h a + h r 

^ e , 

1 Z 

/ *V 


Ve 1 

i 

i_ 

\&a + &r 

h e 


B Beynolds number 

Pr Prandtl number 

a ratio of density to standard sea-level density ( p/0 .002378) 

Subscripts: 
a cooling air 

bend 
diffuser 


b 

a 

e 


exhaust gas except when used with £H when it refers to 
shroud exit 


f friction pressure drop 

h due to heating of cooling air 

i inlet duct to shroud 

m at manifold 
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0 free stream 

p exhaust pipe 

r denotes radiation heat transfer 

s shroud 

t total or stagnation conditions 

x refers to any station x feet from shroud entrance 

1 station 1 

2 station 2 ...... 

3 station 3 

l * 

0- 1 from free stream to station 1 

j V 

1- 2 from station 1 to 2 ■ 

1-3 from station 1 to 3 

I - ANALYSIS AND VERIFICATION 
ANALYSIS OF HEAT EXCHANGE AND PRESSURE DROP 
IN EXHAUST -PIPE-SHROUD SYSTEMS 


An adequate exhaust-pipe -shroud system is one for which all 
parts of the system and the downstream exhaust-gas are "below 
limiting temperatures and the pressure drop required for forcing 
air through the system does not exceed the pressure drop available . 
The analysis of such a system, consequently, requires equations for 
predicting design temperatures and pressure c’rop on the cooling-air 
side of the system. These equations should be in a form such that 
the desired temperatures and pressure losses will be a function of 
known conditions. The present analysis derives such equations for 
the usual straight annular exhaust-pipe -shroud systems for both the 
case of parallel flow* and the case of counter flow. The simplifying 
assumption of straight flow is made, inasmuch as bends increase the 
local heat transfer and cooling-air pressure losses and therefore 
should be avoided. In the present analysis cooling air flows in 
the annular space around the exhaust pipe, which is the case usually 
encountered . 
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Parallel Flow 

Peat -exchange p ro cesses in exhaust -pipe -shroud co mbinations . - 
The analysis for parallel flow is for the case of exhaust-gas 
mixture and cooling air flowing in the same direction. (See 
fig. 2(a) .) For a parallel. -flow exhaust -pipe -shroud combination 
with exhaust gas flowing in the inner pipe and cooling air flowing 
in the annular space, the mechanism of heat transfer is as follows: 

(a) Heat flows from the exhaust gas to the exhaust pipe by- 
forced convection 

(b) Heat flows from the exhaust gas to the exhaust pipe by 
thermal radiation 

(c) Xieat flows from the exhaust pipe to the cooling air by- 
forced convection 


(A) Heat flows from the exhaust pipe to the shroud by thermal 
radiation through the cooling air which is a nonabsorbing medium 

(e) Hoat is exchanged between the shroud and the cooling air 
by forced convection 

(f) Heat flows from the shroud to the surrounding atmosphere 
by natural convection 

The thermal radiation from the exhaust gas to the exhaust pipe 
has been neglected in this analysis. By use of the radiation 
formulas for nonluminous gases, calculations show tliab this radia- 
tion is siaall provided that afterburning does not occur • If combus- 
tion with a luminous flame does occur, the heat transfer to the pipe 
will be greatly increased, and the analysis should be extended to 
include this effect. The heat loss from -the shroud by natural con- 
vection will also be neglected. It is assumed that the heat given 
up by the exhaust gas is equal to that picked up by the cooling air. 
The fluid temperature differences for use in the convection-heat- 
transfer formulas are determined from the true temperatures, although 
for preciseness, stagnation temperatures should be used. In well- 
designed shroud3, however, the cooling-air velocities are low enough 
to make the error introduced by use of true temperatures negligible. 

The design temperatures in an exha us t -pipe -shroud system with 
parallel flow are the downstream gas temperature t Co ( when a 

turbosupercharger is used), the exhaust -pipe temperatures tp, and 

the 3hroud temperatures t s . (See fig. 2(a).) In the present paper 
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equations are given for these design temperatures. Assumptions are 
made herein, which are thought to be permissible •wherever it is 
advantageous to the simplification cf the final results. 

Equations for design temperatures .- The heat transfer from a 
hot gas to a cold gas can be represented by the equation 


Q = hflS (1) 

where 

h mean heat-transfer coefficient 

0 mean temperature difference 

S surface area of body through which heat is being transferred 

For the present case of the parallel-flow exhaust-pipe -shroud 
system it can be shown by use of information available in standard 
heat -transfer text boolcs and on the basis of the ass'imptions given 
that 


h = i (2) 

1_ + 1 

h@ h a + hp 

where h g and h a are convection-heat-transfer coefficients on the 
gas and air sides, respectively, and is the radiant -heat -transfer 

coefficient from pipe to shroud, and 


where 


0 



•l°6e 


f2 

•l 


0 1 = %i " 

d 2 = teg " tag 


(3) 


(4) 

(5) 
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The use of the log mean temperature difference (equation (3)) is 
based on the postulate that h 0 , h a , and h^, do not vary along 

the tube length. The area S for the system is assumed to be 


The 3 raall difference in pipe area on gas and air sides is neglected 
in the theory presented herein and the outer diameter of the pipe 
is used. 

The heat lost by the exhaust gas and gained by the cooling air 
can be obtained by means of the following equations: 


of the instantaneous specific heats Cp e and Cp Q , 3.-espectively, 
between stations 1 and 2 . 

By use of equations (1) to (8) the following expression can be 
obtained: 



( 6 ) 



(T) 



(8) 


In these equations Cp^ and Cp g are the integrated mean values 




(9) 


jO) 

e 


where 



( 10 ) 



( 11 ) 
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If equation (7) is made equal to equation (3), the following expres- 
sion is obtained for t»_: 

a 2 


% - Z(*e x 



( 12 ) 


Substituting for t a g in equation (9) the equivalent value given 
by equation (12) and solving the resulting equation for t Qo gives 
the following equation for the downstream exhaust-gas temperature: 


t 


1 

®2 = 1 + Z 



(13) 


The exhaust-pipe temperatures can be obtained with reasonable 
accuracy from an equation which neglects radiant -heat transfer from 
the exhaust pipe to the shroud. This equation is obtained by making 
the heat transferred by convection from the gas to the pipe equal 
to the heat transferred from the pipe to the cooling air for a dif- 
ferential length dZ • (See fig. 2(a).) At any point x the equa- 
tion for pipe temperature becomes 



k® te x + k^ax 
h e + h a 


(14) 


Equation (14) is applicable to any station if the appropriate gas 
and air temperatures are used. The downstream pipe temperature tp^ 

is determined from the downstream air temperature t Qo end ga 3 tem- 
perature t e g which are obtained from equations (12) and ( 13 )* 


The shroud metal temperature at each station is assumed to be 
equal to the corresponding cooling-air temperature at that station 
in order to avoid the necessity for solving complicated analytical 
equations for the shroud temperatures . This assumption is conserva- 
tive, for in the normal case the shroud temperature is sli>ghtly 
lower than the adjacent mean cooling-air temperature. 

From equations (12) to (14) and the simplifying assumptions 
given for shroud temperatures, the design temperatures can be deter- 
mined from tiie dimensions of the exhaust -pipe -shroud system, the 
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upstream temperatures, the air and gas flow rates, the specific 
heats of air and gas, and the heat-transfer coefficients, all of 
which will be known in a design problem. The equations for the 
heat-transfer coefficients are given in the following section. 

Fundamental laws for heat-transfer coefficients .- The relation 
between the convection-heat-transfer coefficient, the exhaust-gas 
factors, and the exhaust -pipe diameter is shown in tho following 
equation based on the lair of heat transfer for turbulent flow in 
pipes as given in reference 1, page 168 : 


The gas properties are determined at the bulk temperature of the 
fluid which to be precise should be the integrated mean temperature 
from station 1 to station 2'. Actually, however, the bulk tempera- 
ture can be token as the temperature at the upstream station with 
little error in h g because the predominating factor affecting h e , 
as shown by equation (15), is the mas3 flow per unit area. The 
upstream temperature was used in the present work. If, instead 
of gas properties at the temperature t ei being used, air properties 

determined at the same temperature could be used with little error, 
the necessity for determining the fuel-air-ratio and the hydrogen- 
carbon-ratio factors would be avoided and the equations would be 
somewhat simplified. By substitution of air properties determined 
at temperature t e ^ and the equation 


in equation ( 15 ) the heat -transfer-coefficient equation for exhaust 
gas then becomes 




( 16 ) 



( 17 ) 
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or 


h Q = 0.001735 q ^ 6 0,8 ( l8 ) 

•*a°’ V* 

An equation similar in form to equation (15) can be used to 
determine the convection- heat -transfer coefficient h g in the 

annular space. The diameter dp, however, must be replaced by the 
equivalent (or hydraulic) diameter of the annular space d s - dp. 
(See reference 1, p. 200, and references 2 to 4 .) . In addition, 
according to reference 3> the constant 0.023 must be multiplied by 
a factor dependent upon the ratio of the diameters of the inner and 
the outer pipes. This factor is 



Eeferences 1 and 2 make no mention of such a factor, but a general 
review of the literature on annular spaces shows an increase in 
heat transfer of annular spaces as compared with that of circular 
pipes. This factor will therefore be included in the present 
analysis. The Prandtl number for air ^Cp a p a g^k a j is about 

constant and equal to approximately 0.73 over a large range of 
inlet -air temperature. Also, 10 p a can be substituted for k a 

with little error. With the foregoing assumptions and the fact 
that V a P a g equals the weight rate of air flow divided by the 
cross-sectional area of the annular space, the equation for h Q 
becomes 

u 0.2 . ft 

h = 0.01528 9? -2~- w a 0,u (20) 

( 4 S + «p l) ( d 8 - *p) 

The upstream temperature t a ^ was used instead of the bulk tempera 
ture of the fluid to determine the air property in equation (20) 
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because the maBS flov per unit area is the predominating factor 
affecting h g and the error involved is therefore negligible. 


The expression for the radiant -heat-transfer coefficient hj. 
is derived in the following manner: The heat transfer by radiation 

from the exhaust pipe to the shroud, at any point x and for a dif- 
ferential length dZ (see fig. 2(a)) can be expressed by the equa- 
tion (reference 5, P* 50) 


dQr 


0.1728 

3600 




( 21 ) 


The temperatures Tp x and T Qx are the appropriate pipe and shroud 

temperatures. For the usual shroud-design problem it can be shown 
by means of an equation in reference 5> page 5k, that the emissivity 
modulus F-g is not much smaller than the pipe emissivity For 

the simplification of the present' analysis the approximation of 6p 
for Fg will be used hereinafter. The shape modulus F A is a 
factor which allow for the geometrical position of the radiating 
surfaces and, for the case of an annular space, is equal to imity 
(reference 5, p. 5k). The radiant-heat transfer must be expressed 
in a form similar to that x’or convective heat transfer to obtain 
the coefficient h r j thus 


d< V = * )”S « 


( 22 ) 


By use of equations (21) and (22) and of factors given for F A 
and Fj;, the following equation for h r can be derived: 


0.1728 

e 

CM - fef 

3600 p 

A 100/ \ 100 / J 


^x " ta x 


(23) 


The convection -heat -transfer coefficients h e and h a have 

been show to be little affected by variations of temperatures along 
the length and consequently were assumed constant along the length. 
Although the same assumption will cause appreciable inaccuracies in 
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the coefficient hy, the fact that hy is so much smaller than h a 
causes variations in hy to affect the over-all coefficient h very 

little as can he shorn hy means of equation (2) . The assumption has 
been made that h^, is also constant along the pipe length. Use of 
the log-mean-temperature difference is based on the postulate of the 
constancy of the coefficients in accordance with the statement in 
reference 2 that the use of this temperature difference will be 
sufficiently accurate for such systems. 


With the assumption that the radiant -heat -transfer coefficient 
is invariant with the length, the temperatures of the pipe, the 
shroud, and the air at station 1 can be used in equation ( 23 ) to 
determine h r . The use of cooling-air temperature for the shroud 
temperature can be made as previously recommended. The pipe tem- 
perature tp is determined by means of equation (14). 


Pr essure loss in annular passage .- The pressure loss through 
an annular passage consists of the friction drop, the loss due to 
accelerating the fluid, and the loss at the exit j thus 


AH = App + AH^ AH e 


(24) 


The friction pressure drop in an annulus (see references 1 
and 5) can be expressed as follows: 


Ap, = l>f L_ <1 (25) 

The friction factor f for smooth pipe varies with Peynolds number 
in the following manner: 



( 26 ) 


Over a vide range of Reynolds number in the turbulent region for 
pipes of both circular and annular cross section the value of n 
is about 0.2. For pipes of circular cross section, the value of C 
is almost constant over this range and various results are in agree- 
ment as to the value. (For smooth and commercial pipes, the values 
of C are 0.046 and 0.054, respectively.) There is a wide dissimi- 
larity of results for the value of C for pipes of annular cross 
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section* In references 1 and 2 the circular-pipe value of C is 
used with the Reynolds number based on the equivalent diameter. In 
references 3 arid 4 a much higher value for C is advocated than 
that for circular pipes as well as use of Reynolds number based on 
the equivalent diameter. In reference 3, for instance, it was deter- 
mined from data that the value for C of circular pipes should be 
increased by multiplying by the factor 


For hot tests, also, no full agreement is reached as to the tempera- 
ture to use in determining the properties of the fluid. Some inves- 
tigators use a film temperature and others use the bulk temperature 
of the fluid. Finally, for pipes that are not smooth an equation 
in the form of equation (26) is not applicable for some ranges of 
Reynolds number and, even if it were applicable, the value of C 
would depend upon the degree of roughness . Because of the undecided 
status of results on annular cross-section pipes and inasmuch as the 
steel generally used in the 3hroud systems has some roughness, the 
friction factors in the present tests were determined experimentally 
in order to provide data which would be generally applicable to 
exhaust -pipe -shroud systems in airplane installations. The Reynolds 
numbers used herein were based on the equivalent diameter of the 
passage d s - dp. 

If the variation of density with length in the 

annular space is assumed to be linear, the continuity equation 



. / 


(27) 




Now 


p a v a ( ^3 d-p) 


( 29 ) 
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and 



(30) 


From equations (25), (26), (28), (29), 


and (30), therefore, 



er 



( 4 o * («« - «p) 3 V a l 



(31) 


As in the heat-transfer equation u can he determined at the tern- 

Q 

perature t a ^ vith little error resulting in Ap^.. This procedure 
is vised herein. 


The cooling air is heated in passing through the annular passage. 
This heating of the air causes a pressure drop to occur due to the 
expansion of the air in addition to the frictional pressure drop. 

The pressure drop due 00 the expansion of the air is a large frac- 
tion of the total pressure drop in the annular space. 

The loss in total pressure due to acceleration of the air 
from to V- can he d.erived from equations in reference 1 as 

follows : 


■where 



(32) 


*a 




(33) 


In the derivation of equation (30), compressibility factors were 
neglected because they had very little effect on the differences of 
dynamic pressures used to determine £H h . Use of the continuity 

equation and equations (30), (32), and (33) leads to the following 
expression for AH h : 
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i - 1 ( h 'f w ° 2 / 1 _L\ 

" 8 W («. + s) 2 («. - *p) 2 VS °»J 


(34) 


In equation (34) the constant factors reduce to O.OOO 78 I. 

An exit loss from the shroud to the free -air stream is also 
present. Inasmuch as the velocities in the shroud are appreciable, 
it is assumed that all the velocity pressure is lost at the exit. 
The assumption is also made that p Q ^ equals the atmospheric pres- 
sure which generally is, or is close to, the existing condition. 
Then 


^e = 


0.000781 W_ 


(«a + Sf ( d 3 ' Sf P =2 


(35) 


The sum of the pressure drop due to heating of the air and the 
pressure drop for the exit loss can he expressed in the following 
form: 


+ AH as 2a - a 
h ^ e ^2 ^ai 


(38) 


This expression becomes, through use of equations (34) and (35), 


\ 


m, + m = 

n e 


0-3284 

(d s + dp) 2 (d Q - a T ) 2 




(37) 


where 

c ai ratio of p a ^ to standard density at sea level 


(PaJO .002373) 

The total pressure loss in the exhaust -pipe-shroud system, 
exclusive of any losses up to the beginning of the annular passage, 
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vill then be the summation of the losses given by equations (31) 
and (37) as shown by equation (24). 


Counter Flow 

Equations for design temperatures .- In tho case of counter flow 
the downstream exhaust- gas temperature tg^ and the temperatures 

at station 1 of the exhaust pipe and shroud tp and t s ^, respec- 
tively, (fig. 2(b)) will be the design temperatures for which an 
adequate system must be obtained. For counter flow, t ai is the 

outgoing-air temperature and t a g is the incoming-air temperature . 
(See fig. 2(b) .) 

Equations (9) > (12), and (14) are applicable to the case of 
counter flow with the following exceptions: 

(a) Exponent o> is replaced with 'here 


♦ 


1 - Z 
*Pe W e 


ndpl 

1 , 1 
h a + ^r h e 


(38) 


(b) In equation (12), t a ^ is interchanged with t Q ^ . Substi- 
tution of the equation for downstream air temperature in equation (9) 
for counter flow results in the following expression for t^: 



e*) - t ei (l “ Z) 
Z - e* 


(39) 


The design temperature t pi is obtained by use of equation (14), 
the upstream gas temperature t e , , and the downstream air tempera- 
ture t a p. To determine the shroud temperature t s ^ analytically 

involves complications similar to those in the case of parallel flow. 
Consequently, the method of designing for air temperature t a ^ in 

place of shroud temperature t sl used in parallel flow will also 
be used in the case of counter flow. 
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As in the case of parallel flow the following assumptions are 
made for counter flow: 

(a.) The heat -transfer coefficients are constant along the pipe 
length. Equations (l8) and (20) are, therefore, applicable for 
evaluating h 0 and hg. 

(b) The upstream gas temperature t e -^ can be used to evaluate 
the air properties in equation (l8). 

(c) The upstream air temperature t a g can be vised to evaluate 
air viscosity in equation (20). 

The radiant -heat -transfer coefficient hj, is evaluated by use of 
equation (23), the pipe temperature tp 2 , and the temperature tg 2 

for both the air and shroud temperatures. A trial-and-error solu- 
tion necessitated by the use of t^ in equation (14) to evaluate tp^ 

for use in the h r equation is avoided by the substitution of t e -j_ 
in place of t e g. Since the gas temperature drop is small, this sub- 
stitution will cause little error in the calculated design tempera- 
ture tgg . 

Pressure drop .- Equations (24), (31), (34), (35), and (37) are 
applicable for the determination of pressure drop for the counter- 
flow case with the following exceptions: 

(a) a ai is replaced with a a ^ . 

(b) u a °' 2 is evaluated at temperature t a g. 

(c > Pa x is interchanged with p Q ^. 

EXPERMWAL VERIFICATION OF PARALLEL -FLOW EQUATIONS 


Heat -transfer end pre3sure-drop tests were made with an experi- 
mental exhaust -pipe -shroud setup for parallel flow in order to verify 
the final parallel-flow design equations (12), (13), (14), (31), 
and (34). A further purpose was to determine the degree of con- 
servativeness of using air temperature for shroud temperature. 
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Exhaust-Pipe-Shroud Setup 

Exhaust -pipe-shroud flow sys tem.- The test equipment consisted 
essentially of an experimental exhaust-pipe -shroud test section, an 
aircraft engine, and a source of cooling air. A diagrammatic sketch 
of the entire system is shown in figure 3. 

The test section consisted of two concentric pipes 20 feet long. 
The outside pipe or shroud was made of black iron with an 11-inch 
inside diameter; the inner or exhaust pipe wa 3 made of stainless 

steel with a 6~-inch outside diameter. The shroud was covered with 
16 

a 3 -inch thickness of rock wool, and the entire test section was then 
surrounded with a metal shield to protect it from the blast of the 
propeller on the engine . The pipes were centered at both ends of 
the test section and wero spaced at the midpoint by three small steel 
fins which were welded radially to the exhaust pipe with enough 
clearance to provide for expansion of the exhaust pipe and shroud 
at high temperatures . 

An Allison Y-3420-11 engine was utilized a3 the exhaust-gas 
producer. Expansion between the engine and the test section and 
engine vibrations were absorbed by four stainless -steel expansion 
joints welded in the exhaust pipe. 

The shroud cooling air was supplied by a centrifugal blower 
provided with a bell-shaped inlet and a 40-mesh copper screen at the 
blower outlet to reduce air -flow pulsations to a minimum. A 12 -inch 
radial-vaned flow straiglitener was placed. 1 foot downstream of the 
discharge as a precaution against whirl in the air flow, and a 
venturi 10 diameters below the blower outlet measured the coolihg- 
air flow. The cooling air had to be conducted around a bend of 
about 135° before it entered the test section. In order to reduce 
the bend loss, the diameter of the pipe from the venturi to the bend 
was gradually increased. A 40-mesh copper screen placed at the end 
of the bend and a radial-vaned flow straightener placed in the con- 
tracting section were required in order to insure a good distribu- 
tion of the cooling-air velocity and total pressure at the entrance 
to the test section. The cooling air was discharged at the end of 
the test section through a diffuser to decrease the exit loss and 
consequently to release a larger qu.antity of the available blower 
pressure for forcing air through the system. 

Instrumentation . - The instrumentation installed in each of the 
stations is illustrated in figure 4. The three stations were numbered 
from the upstream end of the test section and spaced as follows: 

9-9 feet from station 1 to station 2 and 10 feet from station 2 to 
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station 3* The relative location of all the thermocouples and pres- 
sure tubes at a typical station is shown in figure 5* All instru- 
ments at each station were mounted in one plane perpendicular to the 
axis of the pipes at 120° intervals. 

All temperatures were measured with chromel-alumel thermocouples 
in conjunction with a Brown self' -balancing potentiometer. Exhaust- 
gas temperatures were measured with two radiation-shielded inconel- 
covered thermocouples per station which were located near the center 
of the exhaust pipe. Average exhaust-pipe temperatures were measured 
at each station with two thermocouples spot welded to the outside of 
the exhaust pipe . These thermocouples were placed radially in line 
with the exhaust-gas thermocouples to produce a minimum blocking 
effect in the annular space. Three thermocouples were spot welded 
to the outside of the shroud at each station ; and one thermocouple 
was placed midway between the stations for an average station tempera- 
ture and a representative temperature gradient down the pipe. Cooling- 
air temperatures were measured with three radiation-sliielded-traversing 
thermocouples per station. All thermocouples were calibrated before 
and after the tests. 

Three ralces were installed radially in the annular 3pace at 
each station. Each rake consisted of four shielded total-pressure 
tubes, one unshielded total-pressure tube, and one static -pres sure 
tube; the static-pressure tube was nearest the exhaust pipe. The 
shield had to be removed from the total -pres sure tube nearest the 
static-pressure tube as the shield was responsible for disturbing the 
air flow over the static -pressure tube. Three wall static -pressure 
orifices were also installed at each station. 

The flow of the exhaust gas vas obtained by measuring the engine 
charge air with a calibrated venturi and by measuring the fuel flow 
with a rotameter. The gasoline used in the tests vas 100-octane 
grade 130 aromatic fuel, specification AN-F-2S with a .hydrogen -carbon 
ratio of approximately O.I7. 


Tests 

Isothermal pressure-drop tests .- One test (test A) ■sms made to 
determine the pressure drop in the annular space with only air passing 
through the system. These runs were made to establish the friction 
formula inasmuch as the measured pressure differences were about 
equal to the friction losses; the momentum loss due to change in 
density vas negligible with no heat present. The speed of the cooling- 
air blower vas varied so that the range of Reynolds number, based on 
t3ie equivalent diameter of the annular space, was from about 100,000 
to 32^,000 . Pressure equilibrium was determined for all observa- 
tions from line plots. 
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Heat -transfer tests .- Four series of runs were made to include 
an appreciable range of Reynolds and Prandtl numbers with both 
cooling air and exhaust gas flowing in the system. A tabulation 
of approximate values of the variables involved in the isothermal 
and heat-transfer tests is shown in table 1. 

The effect of Prandtl number on the gas and air heat -transfer 
coefficients was obtained by varying the fuel-air ratio over a range 
from O.063 to 0.090 while Reynolds number on the gas and air sides 
of the exhaust pipe was held constant (test B) . This variation of 
fuel-air ratio gave a large variation in gas temperature. 

The effect of exhaust-gas Reynolds number on the heat-transfer 
coefficient of the exhaust gas was established over a large range 
of Reynolds number in two tests. While the fuel-air ratio and 
cooling-air Reynolds number were held constant; the engine power 
was varied to obtain a variation in exhaust-gas Reynolds number. 

In one test (test Cp) the exhaust-gas Reynolds number was varied 
from approximately 120,000 to 220,000 at a constant c6oling-air 
Reynolds number of 170,000. In the other test (test Cg ; a con- 
tinuation of Cp) the exhaust-gas Reynolds number was varied \ 

from 215,000 to 360,000 at a constant cooling-air Reynolds number 
of 250,000. 

The effect of the cooling-air Reynolds number on the heat- 
transfer coefficient of the cooling air was obtained in test D by 
varying the Reynolds number over a range from 170,000 to 280, 000 
while the exhaust-gas Reynolds number and the fuel-air ratio were 
held constant. The cooling-air Reynolds number was varied by 
varying the air flow by mean3 of the blower. 

The cooling-air pressure differences were obtained in each of the 
four heat-transfer tests to compare these results when an appreciable 
momentum pressure loss was present with the results of the isothermal 
tests and to determine the applicability of the friction formula 
established in the isothermal tests. The extensive range of Reynolds 
number obtained in test D provided for a large range of pressure drop. 

Temperature traverses of the annular space at each station and 
pressure and temperature equilibrium from line plots were obtained 
for a 3.1 observations. 

A comparison of exhaust-gas samples upstream and downstream of 
the test section showed that no afterburning occurred in the exhaust 
pipe. 


Methods 

Verification of shroud-design equations .- The method of checking 
the equations for the design temperatures and pressure drops was to 
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compare the values measured in the tests with the values calculated 
"by means of the equations, the measured values of temperatures at 
the upstream station, and the flow rates . In the present tests no 
exit loss was involved and calculated values of (APf + were 

compared with measured values. The degree of conservatism of the 
method of designing for limiting air temperatures rather than for 
limiting shroud temperatures was obtained by comparing the measured 
air temperatures with the measured shroud temperatures . 

The calculated values of temperatures required determination of 
the heat-transfer coefficients h a , h r , and h e . Equation (20), 

equation (23) , and methods outlined in the section entitled ''Funda- 
mental laws for heat -transfer coefficients" were used to calculate 
the convection coefficient on the air side h a and the radiant -heat- 
transfer coefficient 

The emissivity of the exhaust pipe, which was required in 
evaluating h r , and the emissivity of the shroud were obtained from 
reference 5* This reference shows values of 0.79 for oxidized steel 
and a selected value of 0.70 for stainless steel (8 percent nickel, 
l8 percent chromium) . 

For all tests both equations (15) and (1'3) were used to calcu- 
late the convection-heat-transfer coefficient h e , and tempera- 
tures obtained by use of the values calculated from each equation 
were compared to determine the effect of using air properties in 
place of gas properties. The appropriate temperatures used for 
determining the properties were given in the section on "Fundamental 
laws for heat -transfer coefficients." The properties were obtained 
from the appendix. A check was made for a few tests of the error 
involved in the calculated temperatures by use of 0.30 and 0.24 
for cL, and c-o , respectively, rather than the inte, grated mean 

values of specific heats. 

The measured values of air and exhaust-gas temperatures at sta- 
tion 1 and the weight -flow rates of air and gas were substituted in 
equation (13) in order to calculate the downstream exhaust-gas tem- 
peratures. Measured values of air and gas temperatures at station 1 
and calculated values of these temperatures at the downstream sta- 
tions were used to calculate pipe temperatures by means of equa- 
tion (14) . The air temperatures at the downstream stations were 
calculated from equation (2.2) and calculated values of downstream- 
gas temperature. 

The friction factors were obtained first for the data of the 
isothermal tests (table 1) by use of equation (25) and were plotted 
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against Reynolds number. It was determined from this plot whether 
the simple exponential variation of equation ( 26 ) is valid and, if 
such were the case, whether the values of C and n may "be used. 
Values of the friction factor f or of C and n from the iso- 
thermal tests were then available to calculate Ap„ for the heat- 

transfer tests with either equation (25) or equation (31)* Equa- 
tion (34) was used to calculate AE-I^ in the heat-transfer tests. 

Values of calculated downstream air temperatures were used to cal- 
culate downstream air densities for use in the formulas. 

Verification of the design formulas ms accomplished by com- 
paring the foregoing calculations with the measured values at both 
station 2 and station 3j station 1 was used as the upstream station 
in both cases. The appropriate pipe length was used in the formulas 
in each case. 


Integrate d mean tempe ra tures and pressu res . - As a result of the 
large temperature gradient of the cooling air in the annular space 
true mean air temperatures and pressures could only be obtained by 
integrating the measured pressure- and temperature-distribution 
curves across the annulus. The integration of all the data obtained 
in the tests would have involved a vast amount of labor and time 
which did not seem warranted. Consequently, a method ms developed 
for correcting arithmetic averages. For test D mean values of the 
measured air temperatures were obtained for the three stations on 
both an integrated and an arithmetic basis. The arithmetic values 
were plotted against the integrated values and the resulting straight- 
line curves were used to correct the arithmetic averages of the 
measured air temperatures for all of the other tests. In all plots 
presented for the comparison of calculated and measured values, the 
results are based on these corrected arithmetic -mean measured air 
temperatures . 


In order to integrate the air temperatures of test D with the 
individual measured temperatures weighted according to the local 
weight rate of flow, the static and total pressures as well as the 
temperatures at each local point must be known. When the pressure 
and temperature distributions in the annular space were plotted, 
some doubt arose as to the correct profile for the curves from the 
tube and thermocouple positions nearest the walls of the pipes to 
the mils inasmuch as the nearest pressure and temperature readings 


were about - o - inch from the mils of the pipes. 

3 


As a consequence, 


the pressure-distribution curves in the vicinity of the mils of the 
annular space for the isothermal test3 were obtained by applying 
methods available in reference 6 for obtaining velocity profiles in 
pipes and by using a uniform temperature gradient across the space. 
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In the heat-transfer tests the temperatures in the vicinity of the 
exhaust-pipe and shroud walls which were required to apply the 
methods of reference 6 were not available. The pressure-distribution 
curves were therefore faired approximately like those of the iso- 
thermal tests . 

In order to determine the effect of this fairing on the inte- 
grated temperature average, one run of test D was obtained from 
another fairing in which the pressure -distribution curve was extended 
much closer to the pipe walls . The temperatures obtained from a 
survey nearest a pressure rake (see fig.. 5) were used in conjunction 
with the pressures of that rake to obtain the integrated-temperature 
averages at the pressure-rake location. The error involved in the 
integrated air temperatures by using such noncoinciding temperatures 
was also checked by computing one run of test D by use of tempera- 
tures obtained from cross plots of the temperature test data at 
points coinciding with the pressure-tube locations. The temperature- 
distribution curves for test D from the point of reading nearest the 
walls to the mils for any survey were determined by a trial-and- 
error process by use of information from reference 6 and the pressure - 
distribution curves obtained as previously explained. 

Only the temperatures at the center of the exhaust pipe were 
obtained at each station because of practical difficulties and also 
because, in turbulent flow in a circular pipe, the mean temperature 
is very close to the center temperature. The center values were 
therefore used for the mean values. 

The integrated -pressure averages at each station for test D 
were obtained by weighting the individual pressure and temperature 
values according to the local weight rate of flow. The required 
individual pressure and temperature values were obtained from the 
distribution curves described in the section entitled "Verification 
of shroud-de3ign equations." For one run of te3t D the integrated 
values for each station were obtained for each of the three types of 
fairing described in the foregoing paragraphs. Pressure losses were 
then compared by using both the integrated- and arithmetic -measured 
pressure averages. For tests other than test D, only arithmetic 
averages of the measured pressures were used to calculate the losses. 

Inasmuch as a few thermocouple failures resulted in the loss of 
some of the temperature data, the missing temperature values were 
determined by assuming a heat balance between the gas and the cooling 
air. The prohibitive time element involved, in repeating tests until 
a complete set of temperature data was obtained was considered to be 
adequate justification for this procedure. 
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Comparison of Experimental and Calculated Values 

The comparisons of temperatures and pressures drops calculated 
"by us ins the theoretical equations vith meas’.ired values will he 
given in the following sections . A 45° line is drawn on each part 
of each figure presented. When the plotted data fall on these lines, 
perfect agreement between the measured and calculated values is indi - 
cated. The results of the calculations to determine the effects of 
using air properties for gas properties in the equation for gas 
convection-heat "transfer coefficient h e , the constant specific" 
heat values, the arithmetic pressure averages to determine pressure 
losses, and the three types of fairing of pressure- and temperature - 
distribution curves for the annular space are given first inasmuch 
as they had a direct bearing on the workup of the remaining results . 

Effects of app roximations and fairing methods .- The effects of 
the different fairing methods and the approximations to simplify the 
computations on the calculated desiga temperatures and pressure 
losses can be obtained from table 2. In this table the percent 
difference between the approximate values and precise values or 
percent difference between the results based on methods of refer- 
ence 6 and results based on other fairing methods are given. 

Comparison of calculated values of downstream exhaust-gas tem- 
peratures, cooling-air temperatures, and exhaust -pipe temperatures 
obtained by use of values of h 0 based on air properties at tem- 
perature t e ^ with values of temperatures obtained by use of values 
of h e based on gas properties at temperature t ei showed negligible 

differences in the gas and air temperatures and only small differ- 
ences in the pipe temperatures. (See table 2.) The pipe tempera- 
tures based on air properties were about 4 percent lover than those 
based on gas properties. Consequently, comparisons of calculated 
temperatures and measured values presented hereinafter have used a 
value of h e based on air properties to determine the calculated 
values. 

The calculations to determine the effect of using constant 
values of specific heats in place of integrated mean values showed 
that no noticeable error was introduced in the values of calculated 
design temperatures. (See table 2.) In the following results, 
constant values of specific heats were therefore U3ed to calculate 
the temperatures. 

The integrated station pressure averages obtained from the 
three types of fairing differed to some extent, but the resulting 
station-to-station pressure losses agreed very well. (See table 2.) 
Also, the pressure losses for test D based on the arithmetic averages 
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of measured pressures were In excellent agreement with losses based 
on integrated averages of measured pressures. This agreement was 
considered sufficient justification for the procedure of using the 
arithmetic averages of the measured pressures to determine the 
measured pressure losses. 

The three types of fairing resulted in slightly different inte- 
grated mean air-station temperatures; hut these differences and 
their consequent effect on the results from the design equations 
(table 2) were not significant enough to warrant basing the inte- 
grated mean air temperatures on any other' than the original fairing 
described in the methods. The original fairing method was conse- 
quently used to determine the integrated air temperatures for all 
of the runs of test D. 

With regard to the comparison of arithmetic and integrated 
average temperatures, the following results of test D may be of 
interest to other investigators: 

(a) Measured air temperatures based on arithmetic averages were 
about 5 percent higher than those based on integrated averages. 


(b) Calculated downstream exhaust-gas temperatures based on 
arithmetic averages were about 1 percent higher than thoae based on 
integrated averages . 


(c) Calculated downstream air temperatures based on arithmetic 
averages were about 4 percent higher than those based on integrated 
averages. 


Downstream exhaust-gas temperatures .- A comparison of the cal- 
culated downstream exhaust-gas temperatures with the measured tem- 
peratures for stations 2 and 3 is given in figure 6. The calculated 


temperatures are less than 1= 

2 


percent lover than the measured values. 


This small difference probably results either from determining the 
heat-transfer coefficients for use in equation (13) by the methods 
outlined or from errors of measurement. A conclusion is drawn that 
the design equation (13) and the simplified equations for heat- 
transfer coefficients for determining the downstream exhaust-gas 
temperature are satisfactorily verified. 


Exhaust-pipe temperatures .- The comparison of the calculated 
exhaust -pipe temperatures with the measured temperatures for the 
three stations are presented in figure 7. At station 1 the cal- 
culated temperatures average about 3 percent lover than the measured 
values. Corresponding values for stations 2 and 3 are approximately 
5 percent and 4 percent lower, respectively. The difference between 
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the calculated and. measured values at station 1 is probably due to 
the iact that the pipe-temperature equation' was derived by assuming 
that the radiation was negligible, vhich tend 3 to make the calculated 
values higher than the measured values. An opposite effect is 
created by using the heat-transfer coefficient h e based on air 

properties rather than on gas properties; this substitution has a 
tendency to reduce the pipe temperatures. The difference between 
che calculated and measured downstream temperatures may be a cumula- 
tive eifect caused (l) by using calculated exhaust -gap temperatures 
which are lower than the measured values, (2) by using calculated 
air temperatures which aro higher than the measured /a lues, (3) by 
neglecting radiation, and (4) by using air properties in the equa- 
tion for ■value ox h e . The first and fourth factors, tend to decrease 
and the second and third factors tend to increase the calculated 
exhaust -pipe temperatures . From figure 7 it is concluded that 
exhaust -pipe ^ temperatures, predicted from equations of the type of 
equation (l4)^with air properties used throughout in the heat- 
transfer -coefx icient formulas, will be from 3 to 5 percent too low. 

The verification is still acceptable, however, within the limits of 
engineering practicability . 

Cooling-air temper atures . - The calculated downstream cooling- 
air temperatures deviate about 3 to 4 percent from the measured 
values as shown by figure 8. This difference is attributed to the 
fact that the calculated exhaust-gas temperatures used in equa- 
tion (12) vere about li percent lower than the measured values. In 

the lower range of temperatures at station 2 the calculated tempera- 
tures are higher than the measured values whereas in the higher" 
range the opposite is true. At station 3 the calculated values are 
in general higher than the measured values. The use of gas prop- 
erties instead of air properties would not have appreciably changed 
the result given in figure 8 because such a substitution had a 
negligible effect on the calculated downstream exhaust-gas and air 
temperatures. Although the difference between the calculated and 
measured air temperatures is rather large, the proposed method 
apparently leads to the prediction of conservative values of down- 
stream air temperatures . The use of equation (12) and methods given 
to predict air temperatures are therefore considered satisfactory 
for shroud design purposes. 

gelation of measured shroud temperatures to measured cooling- 
. a J-£ . tempera tures . - Inasmuch as the analysis uses as a design criterion 
the cooling-air temperature rather than the shroud temperature, these 
two temperatures should be compared. The results of this comparison 
are shown in figure 9. The shroud temperature was about 20° F higher 
than the corrected arithmetic mean cooling-air temperature at station 1, 
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about 20° F lower at station 2, and 40° F lower at station 3 • The 
shroud temperature also increased from the upstream station to the 
downstream stations. Inasmuch as the calculated downstream air 
temperatures were in general higher than the measured air tempera- 
tures, the procedure of using the air temperature as a design 
criterion will result in a very conservative design for the shroud 
temperatures . 

Determination of constants in friction -pressure-drop equation . - 
The friction factors for the isothermal tests were plotted against 
Reynolds number of the cooling air on logarithmic coordinates 
(fig. 10) and the values of C and n for use in equation (31) 

\rere found to be 0.07 and 0.20, respectively. The exponent n is 
approximately the value obtained for straight pipes but the value 
of C is high as compared with values obtained for smooth and com- 
mercial pipes (0.046 and 0.054, respectively, reference 1). Although 
in- references 3 and 4 higher values of C are advocated for annular 
spaces than for pipes, the value of 0 determined for the diameter 
ratio of the test setup on the basis of equation (27) was calculated 
to be 0.058, which is still lower than the value of 0.07 determined 
experimentally. Consequently, it is believed that indeterminate 
pipe roughness was probably a factor influencing the value of C. 
Inserting the values of C and n in equation (31) gives the 
following expression for Ap^: 


Cooling-air pressure losses for heat -transfer tests .- The data 
of figure 11 show the comparison of the calculated and measured 
cooling-air pressure losses from stations 1 to 2 and stations 1 to 3 
for the heat-transfer tests. The isothermal data are also plotted 
in figure 11 as a check on the calculations. Perfect agreement 
between the calculated and measured pressure losses is obtained for 
the isothermal data, as indicated by the plotted points which fall 
along the 45° lines, because the C and n values used to calculate 
the friction pressure drops were obtained from the measured pressure 
drops. 

The calculated values of the pressure loss averaged about 
10 percent higher than the measured values for the heat -transfer 
tests. This difference is due partly to a slight overestimation of 
the heating- and friction-pressure losses from equations (34) and (40) 



(40) 
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since these equations are very sensitive to downstream air tempera- 
tures, which have previously been shorn to have been overestimated 
by about 3 or 4 percent. The difference between the calculated and 
measured pressure losses for the heat -transfer tests is in tlie con- 
servative direction, as was the calculated cooling-air temperature, 
and therefore a design based on the equations will be conservative. 


GENERAL DISCUSSION 


The cooling-air flow rates and the ratios of the cooling-air 
flow rates to exhaust-gas flow rates used in the experiments were 
much higher than those usually encountered in flight. These rates 
and ratios were used because errors in measurement are reduced when 
larger quantities are involved and because the flow rates in flight 
are in the turbulent -flow region as were those of the experiments. 
Moreover, the laws of heat transfer and pressure loss in pipes 
established in a certain range of the turbulent -flow region are 
generally applicable with little error to other ranges in the region. 
For the latter two reasons and because, in general, the design 
formulas for parallel-flow systems were verified in the experiments, 
it is believed that the design formulas will be applicable to flight. 
In a calculation of a shroud design the fact that the pressure loss 
will be overestimated will result in the calculated temperatures 
being more nearly equal to the actual temperatures than in the 
experimental results. 

Since the equations have no diameter-ratio limitation provided 
that the cooling-air flow in the annulus is turbulent, the verifica- 
tion of tne parallel -flow equations for one ratio of shroud diameter 
to exhaust-pipe diameter lends support to the belief that these equa- 
tions are applicable to all practical values of the ratio of shroud 
diameter to exhaust pipe diameter for which the cooling-air flow is 
expected to be turbulent. Although no counter-flow tests were run, 
the counter -flow equations are believed to be equally as applicable 
to design problems as the parallol-flow equations because of their 
similarity. In the analysis the assumption that the downstream 
shroud temperature would always be a little less than the downstream 
cooling-air temperature was made for the case of parallel flow and 
the case of counter flow. The validity of this assumption was 
verified for parallel flow by experimental data. In the case of 
counter flow, however, the temperatures of the exhaust gas, the 
exhaust pipe, and the cooling air are highest at. the downstream sta- 
tion of tne shroud. It may be possible, therefore, because of radia- 
tion Irom the exhaust pipe and. because of the small temperature differ 
ential between the cooling air and the shroud that the shroud tempera- 
ture may be higher than the cooling-air temperature at the downstream 
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station. Thorough exploration of this possibility would require 
either a complex analysis or further testing, both of which were 
outside the scope of the present investigation. 

One problem of immediate importance for which the equations 
derived in this paper should be applicable is the design of shrouds 
for the tail pipes of jet engines. The design equations will be 
applicable without modification if the luminosity of the gases is 
negligible. If luminosity of the gases is appreciable, the analysis 
will require extension to account for the heat transfer from the 
exhaust gas to the exhaust pipe by thermal radiation. If flaps or 
ejector pumps are used, and the cooling-air exit pressure is thus 
decreased from atmospheric, the application of the pressure-drop 
relation to shroud design must include methods for determining this 
cooling-air exit pressure. 

Further research is needed to establish definitely the basic 
laws of heat transfer and pressure losses in annular spaces, espe- 
cially with res]?ect to the fluid temperatures and constants that 
should be used. The principal source of difficulty in the deter- 
mination of such laws is the temperature gradient of the cooling air. 
In addition, investigation of pressure losses in annular bends would 
be a great aid in predicting accurately the pressure drops in specific 
exhaust -pipe-shroud installations. Finally, the extension of the 
present work to include tests of shrouded tail pipes for jet-engine 
installations would be. desirable. 


SUMMARY OF RESULTS 


The design equations for predicting shrouded exhaust -pipe- instal- 
lation temperatures for parallel-flow systems were verified within 
the limits of engineering requirements by tests of an experimental 
exhaust-pipe-ohroud setup for one ratio of shroud diameter to exhaust- 
pipe diameter. A comparison of measured values with values calculated 
by use of the design equations based on constant values of specific 
heats of exliaust gas and cooling air, air properties, and corrected 
mean air temperatures shoved that: 

(a) The calculated values of downstream exliaust -gas temperatures 
generally were never more than 1 ~ percent lower than the measured 
values . 

(b) The calculated values of exhaust -pipe temperatures generally 
were lower than the measured values by not more than 5 percent. 
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(c) At the downstream stations the calculated cooling-air 
temperatures were above the measured shroud temperatures. 

• . • ■" . * . •* . ;r f v V"> ' ■; • ‘ .. 

(d) Conservative values of cooling-air total-pressure losses 
were obtained with the pres sure '■drop equation. The calculated 
values of total -pressure loss were about 10 percent higher than the 
measured values. 

The use of constant values of 0 .21 and 0.30 for the specific 
heats of cooling air and exhaust gas, respectively, and the substi- 
tution of air properties for exhaust-gas properties for determining 
the heat-transfer coefficient for the exhaust-gas in the design 
equations resulted in a negligible change in the values of cal- 
culated exhaust-gas and cooling-air temperatures and. only a slight 
decrease in the values of calculated exhaust-pipe temperature. 


I I - PROCEDURES FOR SHROUD DESIGN 
GENERAL' DESIGN CONSIDERATIONS 

, y ■ •* ■ . •* . , : f 

The problem of shroud desigi requires the determination of the 
diameter of the shroud for which certain design-installation tempera- 
tures will not exceed specified limits when the pressure drop 
available for forcing air through the system is known. In order to 
provide satisfactory cooling for all operating conditions, the shroud 
must be designed for the flight condition in which the cooling 
requirements are the most difficult to meet; generally, this condi- 
tion will be maximum power (climb) at rated altitude. 

An analytical method for determining the shroud diameter with 
a minimum of pressure loss in order not to exfee ed a limiting tem- 
perature such as that given in detail for the case of intercooler 
design in reference 7 could theoretically be developed. Such methods 
are impractical if not almost impossible with the complex equations 
which were derived in the analysis, and, consequently, graphical 
solutions were used. 

The general procedure for design is, for a given length of 
shroud, to use the equations to determine the desi;m temperatures 
and the cooling-air pressure' drop.'' A value of shroud diameter is 
assumed and calculations are made for several assumed values- of 
cooling-air- flow rate. These calculations are repeated for other 
assumed values of shroud diameter. Curves of the significant design 
temperatures are plotted against cooling-air-flow rate for each 
shroud diameter assumed. From these curves the value of cooling-air 
flow rate for each shroud diameter giving a temperature equal to one 
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of the imposed limit temperatures and lower than all the other 
limiting values is noted. Each of these combinations of shroud 
diameter and cooling-air -flow rate for which choking does not occur 
(M a £ < 1.0) is then used to calculate the pressure loss in the 

shroud. A plot of this pressure loss against shroud diameter is 
made and compared with the pressure available for forcing air through 
the shroud system. Any shroud diameter for which the pressure loss 
required is less than that available will give adequate cooling. 

The diameter to choose will be that diameter which will give the 
greatest available pressure loss, unless this diameter causes exces- 
sive cooling drag. When the latter condition occurs the diameter to 
choose is that for which cooling drag is a minimum. 

When the pressure drop required is greater than that available 
and augmentation methods fail to increase the available pressure 
drop sufficiently, the shroud may be divided into shorter segments 
so that two or more cooling-air entrances and exits are provided as 
diagrammed in figure 12. The shorter-length segments require less 
pressure drop than the single-segment design. Due to the complexity 
of the duct systems involved, no more than two segments will generally 
be used. If the limits imposed on the design installation tempera- 
tures cannot be met with a shroud system of practical size or number 
of segments for the pressure drop available, some alternatives are 
available and will be discussed in a section to. follow. 

The choice of the size of the inlet duct carrying the cooling 
air from the free stream to the shroud inlet is important and is 
'interrelated with the shroud design, because part of the dynamic 
pressure of flight is utilized to overcome ihe losses in thi3 duct 
and thereby a decrease is caused in the pressure drop available for 
cooling in the shroud. The choice of size, within practical limits, 
is such that .no appreciable gain in pressure drop available is 
obtained with further increase in the area of .the duct. 

Detail step-by-step procedures for the design of a shroud are 
given for the following systems: v • 

(a) Single s e gment system for parallel flow 

(b) Single-segment system for counter flow 

(c) Multisegment system for parallel or counter flow 

In order to expedite use of these procedures methodical calculation 
forms for parallel flow and .counter flow are given in tables 3 and 4, 
respectively. In addition, table 5 and figures 13 to 16 are given 
to simplify the calculations. The design procedures are concerned 
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with step-by-step explanation of how these calculation forms are 
used to design a shroud for a specific installation. Figure 2 
illustrates the symbol notation in the shroud-system sketch. 

A typical example has been solved for an installation of a 
four-engine bomber and results are listed coincidental to the dis- 
cussion of the procedures. The numerical calculations are included 
in table 3 and pertinent values are given in the discussion of the 
procedures. The example uses a straight exhaust-pipe-shroud system 
for parallel flow with the exhaust gases being delivered to the 
turbine of the turbosupercharger through a single, straight exhaust 
pipe. A straight inlet duct of constant cross-sectional area has 
also been assumed. Temperature limits were specified for all the 
design installation temperatures for illustrative reasons. In an 
actual design problem, however, the design installation temperatures 
for which limits must be specified are peculiar to each installation. 


SUFPIEMENTAEY THEORETICAL CONSIDERATIONS 


Certain derivations, other than those given in the analysis 
presented, are required in the procedures in order to design a 
shroud system. The methods of determining the cooling-air weight 
rate of flow at which choking occurs at the shroud exit (designated 
herein the choke factor), the cooling drag, and the pressure, tem- 
perature, and available pressure drop at the shroud entrance must be 
considered. The discussion of these factors follows. 

Choke factor .- The method in the parallel-flow design procedures 
for determining the cooling-air weight rate of flow at which choking 
occurs in the shroud system is dependent on a relation obtained from 
compressible-flow theory. With the assumption that no heat is added 
to the air in the inlet duct and that no friction drop occurs in the 
annular space of the shroud-pipe system, a relation between the ratio 
of the air stagnation temperatures at the shroud exit T a ^ and 

shroud inlet (assumed equal to T 0t ) and the choke factor 1 " 

\P°t 

1 . 3 84W« — can be obtained from compressible-flow 

theory for Mach numbers at the shroud exit up to 1.0. Data for 
curves of this relation were calculated for downstream cooling-air 
Mach numbers of 0.6, 0.7, and 1.0. 

The given procedure for design is to determine the cooling-air 
flow rate for which the choke factor is at its limiting value based 
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on a downstream cooling-air Mach number of 0.6 instead of 1.0. The 
value of VJ a so obtained is not the maximum value that will exist 
in the shroud before choking occurs j however, the use of the choke- 
factor curve for a Mach number of 0.6 is recommended for the fol- 
lowing reasons: (1) The pressure drop will increase with Mach 

number . (2) The shroud-exit pressure losses are smaller for lower values 

of ^gg , thereby increasing the pressure drop available in the shroud 

for cooling purposes. (3) The limiting choke factor is overesti- 
mated by the stagnation -tempera ture ratio relation because the 
latter relation is based on the assumption that no friction occurs 
in the annulus. (4) The pressure-drop and heat -transfer formulas 
are more applicable at low cooling-air exit Mach numbers than at 
high cooling-air exit Mach numbers. At Ma* equal to 0.6 or less 

the assumption of cooling-air exit static pressure equal to the 
free-stream static pressure, which is used, in the pressure-drop 
formulas, and of the heat-transfer equation being based on true 
temperatures instead of stagnation temperatures (the latter being 
the correct temperatures to use) mil lead to little error in the 
results. At the present time some aircraft shrouded exhaust -pipe 
systems are not cooling satisfactorily, possibly because they are 
at the choking limit. 

C oolin g drag.- When more than one shroud diameter will provide 
adequate cooling of the installation the best - selection of the shroud 
diameter would be the one giving the lowest cooling drag if this 
drag is appreciable as noted in the foregoing general considerations. 

The drag power is obtained from the formula 


where the velocity V Q is that of the free stream, the velocity Vg 
is that at the shroud exit, and the value of W a corresponds to the 
value of d 8 selected. 

Pressure at shroud entrance .- The total pressure at the shroud 
entrance is determined by the following equation: 




( 42 ) 
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■where 

pressure drop in inlet duct, pounds per square foot 

H 0 free-stream total pressure, pounds per square foot 

* 

The total pressure of the free stream is obtained from altitude 
tables in reference 8# Standard-air values were used in the present 
example as it tog only given for illustrative purposes. In actual 
designs pro Dab ly the summer-air values will be required, "which are 
also given in reference 8, Although summer -air temperatures are 
higher than standard-air temperatures , a check calculation for the 
example shoved that the use of the summer-air temperatures in place 
of those. for standard air made no appreciable difference in the 
shroud dimensions necessary for adequate cooling. The details of 
determining the pressure loss in the inlet duct will be 

given in step (10) of the procedure for a single- segment shroud with 
parallel flow. 


The static pressure at the shroud entrance p s -^ must also be 

determined. From compressible-flow relations given in reference 10 
it can be shown that 


p alt a alt 



m 


where P a q-^ and a a q-t are the density and velocity of sound of cooling 

air at station 1 based on stagnation conditions and 7 is the ratio 
of specific heats. Now the stagnation temperature at station 1 is 
equal to the free-stream stagnation temperature. Then equation ( 43 ) 
reduces to 




( 44 ) 


This equation is represented by a curve in figure 1 6 where the 
side of the equation is the ordinate and the abscissa 
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Hai “ Pai 

is _ , The figure is divided into several parts for dif- 

“ a i ; H al - p a , 

ferent ranges of If the values of the ordinate 

H ai 

and are Icncvn, p a ^ may he determined from figure 16. 


T emperature at shroud entranc e . - The temperature of the cooling 
air at the shroud, entrance is determined from the equation 


7-1 


T a - T alt [ jT 


a l 


T 


a l> 


°t 


^1 


vO .2 16 




( 45 ) 


a l> 


where T 0 ^ is the free -stream stagnation temperature. 

Available p ress ure d rop at s h roud entrance.- The pressure drop 
available for forcing the air through the whole system (inlet duct 
and shroud) is equal to E 0 - p 0 with the assumptions that all 

the velocity head at the shroud exit is lost and that the static 
pressure at the exit is free-stream static pressure. The pressure 
drop required hy the inlet duct i3 equal to The pressure 

;drop availahle for forcing the air through the shroud is the dif- 
ference, or 

^available * ( H o ‘ P 0 ) ’ &o-X < ll6 > 

* ' ' > . • 

it • . 

In the foregoing formulas the subscript 1 has been used to 
denote shroud .entrance . This subscript is for parallel flow. For 
counter flow all subscripts referring to this station should be 
changed to 2 . 


SINGLE -SEGMENT SHROUD FOR PARALLEL FLOV 


For a parallel-flow system the shroud must be desired so that 
imposed limiting values of downstream exhaust -gas temperatures t^, 

exhaust-pipe temperatures tp, and downstream shroud temperatures t S g 

will not be exceeded. (See fig. 2(a).) Values assumed or calculated 
for this example. are given in the following steps: 
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Step 1 - Exhaust-gas flov rate W e : 


From manufacturer’s data or the following approximate formula, 
obtain 


= 7 »^bhp(l + f) 
3600 


(47) 


where 

f fuel-air ratio 

bhp brake horsepower 

Then, for the illustrative example, 

W 0 = 4 . 84 pounds pel* second 

Step 2 - Inlet exhaust-^s temperature t e ^: 

The value of t e ^ may be obtained from the equation 


t e i - t a - xl (48) 

where 

^ exhaust- gas temperature at manifold obtained from 
manufacturer *s data or by analytical method* 

x cooling rate of gas in exposed exhaust pip*, approxi- 
mately 2° per foot 

l length of exposed exhaust pipe between manifold and 
shroud entrance 

For illustrative purposes, a value of t ei is assumed, as 

t A , = 1000° F 
e l 

Step 3 ” Exhaust-pipe diameter cl..: 

Jr 

The outside diameter of the exhaust pipe dp i« obtained from 

manufacturer's data or installation drawings. 
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Step 4 - Airplane and altitude conditions: 

Airplane altitude and velocity are secured from manufacturer 's 
data for the design flight -condition* Free-stream conditions p 

T-, and p are obtained from altitude tables for standard 

air. (See reference 8.) 

Step 5 “ Design downstream exhaust-gas temperature 

Obtain t 6 £ from manufacturer 's data on the safe operating 

temperatures of the turbine or, if a turbine is not used, the 
value selected by the designer for reasons peculiar to the 
installation. Decrease, this design imposed maximum value 

of t S g by approximately 1- percent in the design procedure 

to correct for the slight underestimation of downstream 
exhaust-gas temperature by equation (13)* For the example, the 
design maximum temperature is 1675° F and, therefore, • 

t^ = 1650° F 


Step 6 - Design exhaust-pipe temperature t p *. ' 

Obtain from available data or estimate from, experience the 
maximum temperature at which the exhaust pipe can operate 
without danger of failure. Approximate limits to use if no 
data are available are from 1200° F to 1450° F. Decrease this 
design imposed maximum value of t p by approximately 4 percent 

in the design procedure to correct for the slight underesti- 
mation of downstream exhaust -gas temperature b~ equation (14). 
For an imposed maximum pipe temperature of 1450° F, 

t p = 1400° F 


Step 7. “ Design shroud temperature t s : 

Obtain from the geometry and location of components of the 
installation the 'maximum shroud temperature that will not pro- 
duce adverse effects of heat radiation. Limits to use, if. 
none are specified by the airplane or engine manufacturer, are 
between 500° F and 800° F • If the shroud touches or passes 
close to rubber, neoprene, or other organic materials, use a 
lower limit of 500° F and shield the shroud at these points. 
This value of t s is used for the critical downstream 
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cooling-air temperature t a2 because, as brought out in the 

section entitled '^Relation of measured shroud temperatures to 
measured cooling-air temperatures, " a conservative design 
procedure to meet a limiting shroud temperature is to design 
for a limiting cooling-air temperature of the same value as 
the shroud-temperature limit. For tho present illustration, 

t B = t a =* 800° F 

Step 8 - Emiseivity of exhaust pipe 

The emissivity for the most commonly used exhaust -pipe 

material, stainless steel, is about 0.70, and thia value can 
be used inasmuch aa small errors in the absolute value of 

will have a negligible effect on the design* If another 
material is used, refer to a standard heat-transfer test for 
values. The value usod in the example is 


« °*70 

Step 9 - Coollng-air-flow rate W a : 

Assume a large range of values of cooling-air-flow rate 
(approximately 1/8 to l/2 of value of W e ) and use with each 
assumed value of shroud diameter. Assumed values used for W a 
are 0.50, 1.00, 1.50, 2.00, 2.50 pounds per second. 

Step 10 - Selection of shroud-air-inlet duct size: 

Assume an inlet duct cross-sectional area. For the values of 
cooling-air-flow rate W a , use the equation for the pressure 
drop in the inlet duct 



Inlet loss Sum of Sum of Sum of diffuser 


straight- bend losses 

section losses 

losses 
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and the methods and data of reference 9 to calculate the pres- 
sure drop available at the shroud entrance. (All or part of 
the equation is used depending on duct geometry.) Repeat these 
calculations for other assumed values of duct size. Plot 
^available a Ehinst W a for each duct size. (Fig. 17(a).) 
Select the inlet -duct area that shows no appreciable gain in 
pressure drop with further increase in duct area. When space 
limitations restrict the size of the inlet duct, use the 
largest area possible to get maximum ^available* ^ cn 
figure 17(a), the values selected for duct size are: 

* 0.2376 square foot 
=0.550 foot 

Step 11 - Length of shroud l : 

Obtain l from installation geometry and purpose of shroud. 

The initial choice should be a single- segnent sliroud . The 
value of l for the present example is: 

l a lB feet 

Step 12 - Diameter of shroud d_J 

Assume a large range of practical shroud, diameters, such as, 
for the present problem, 

d s a 0.5^2, O.583, 0.625, O.667, 0.710, 0.752 foot 

Step 13 - Curves of cooling-air static pressure at shroud inlet p a ^: 

Determine the value of p by computing items (30) to (36) of 
table 3 with values of assumed in step 9* The calculations 
cannot be continued for any combination of d s and W a that 

causes item ( 3*0 to exceed 0.5907, for at this value choking 
occurs in the inlet duct to the shroud. Plot the choke factor 
(item (3*0) against W a for each d 6 . (Shown, for the present 
examples, as the radial lines of figure 17(b).) The cooling- 
air-flow rate for each d s is further limited by choking in 

the shroud due to heat addition to the air. Thus, the limiting 
value of choke factor (item (3*0 ) must be obtained for the 
actual value of downstream cooling-air temperature that will 
result with each W a . These temperatures are not yet known; 
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therefore, the calculations must he continued so that t a2 
can be determined for all the assumed W a values, for each d B 
that will not cause the inlet duct to choke. Piot p a p 
against W a for each d s as in figure 17(c). 

Step 14 - Curves of cooling-air temperature at shroud inlet t a p: 

Determine value of t a p by computing item (37) of table 3* 
Plot t ai against W a for each d s as in figure 17(d). 

Step 15 - Curves of upstream exhaust-pipe temperature tp^: 

Determine value of tp^ by computing items ( 38) bo (50) of 

table 3* Plot tp against W a for each d B (fig* 17(e))* 

i'l a 

Step 16 - Curves of downstream exhaust-gas temperature tgg ’ 

Determine value of t e2 by computing items (52) to (64) of 

table 3* Plot t e2 against \1 Q for each d s (fig* 17(f))* 


Step 17 - Curves of downstream cooling-air temperature t a ^: 

Determine value of t a2 by computing item (65) of table 3* 

Plot t a2 against V a for each d s (fig. 17(g))* 

Step l8 - Ciirves of downstream exhaust -pipe temperature bp 2 : 

Determine tp^ by computing items (66) and (67) of table 3* 
Plot tp against V a for each d s (fig. 17(h)). 


Step 19 " Design d s and W a combinations: • • 

Select from the plots obtained in steps 15 to l” (figs. 17(e) 
to 17(h)) the value of needed for each d s to make every 

installation temperature equal to its specified limiting value. 
(See steps 5 to 7*) All installation temperatures considered, 
the maximum value of W a obtained for each d s is the cooling- 

air -flow rate required, to maintain all installation temperatures 
below specified limits. Plot these maximum values of W a on 

the radial d s lines of the plot obtained in step 13 (fig. 17(b)) 

to obtain the choke-factor curve for required cooling-air -flow 
rate. Select the value of t &2 for these same W a and d 3 

combinations from the plot obtained in step 17 (fig. 17 (g))* 
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Use these values of t a ^ to determine the cooling-air down- 
stream stagnation temperature from the equation 


Ta 2t = ^ag + 0*236l| 


Wa^agY 
A d„ j 

a-a 2/ 


where p a ^ is cooling-air downstream static pressure assumed 


equal to free-stream static pressure- Determine T 


a 2t/ T °t 


for 


each d„ and W Q combination- Obtain the value of the limiting 

3 d 

approximate choke factor for each T a g^^T 0 ^ from the curve 

for M a g =0.6 of figure 17 ( i) * (Recommended design procedure 
is to limit M a g to a value of 0.6.) Plot these values of 
choke factor on the radial d a lines of plot obtained in 
step 13 (fig. 17(b)) to obtain the choke -factor curve for the 
recommended design limit. Select from this plot the valy.es 
of d s for which the choke factors for required cooling-air- 
flow rate are less than the choke factors for the recommended 
design limit. (For the illustrative example, values of d s 


selected from figure 17(b) were O.667,' 0 .7 10, and O.752.) Use 
these values of d g and the corresponding values of required 

cooling-air-flow rate W a in the shroud pressure-drop calcula- 
tions (items (68) and (69) of table 3) • For the d g and 
required W a combinations for which choke factors for required 
cooling-air-flow rate are greater than the recommended design 
limit choke factors, it is possible to determine the Mach 
number at the shroud exit. Those combinations for which M a g 

is less than 1.0 may possibly provide satisfactory cooling if 
sufficient pressure is available to force the air through the 
system. Such designs, however, are not recommended. 


Step 20 - Curve of cooling-air pressure drop through shroud 


Determine the pressure drop for each d 3 and W a combination 

finally obtained in step 19 by computing items (70) to (88) 
of table 3* Select values of p Ql , t a , and t Q2 needed for 

this calculation from the plots obtained in steps 13, 14, and 17 
(figs. 17 (c), 17 (d), and 17(g)). Plot the 2iI re(luire(i so 

obtained, the ^available ^ or inlet-duct size previously 
selected (step 10), and d s against W a on the same curve. 
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The & s values are plotted against their corresponding combi- 
nation values of W Q that meet Imposed limiting temperatures 
as obtained in step 19* The plot for the illustrative examples 
is given in figure 17( j) • 

Step 21 - Selection of shroud diameter d s : 

Compare the pressure -drop -required curve with the pressurs-drop- 
available curve (from step 20) . Three situations are possible! 

(1) All of the pressure-drop-required curve is lover than the 
pressure-drop-available curve. For this case select the value 
of d s corresponding to the value of W a having the greatest 
excess available pressure drop or, if appreciable, the lowest 
cooling drag. Any shroud diameter mil give adequate cooling. 

(2) Only a part of the presoure-drop-required curve is lower 
than that available. For this case select the value of d 3 

in the range of the value of V I a for which the pres sure -drop - 
required curve is lower than the available-pressure-drop curve. 
The best diameter to use in this range is determined, as in the 
preceding case 1. 

(3) All of the pressure-dr op -required curve is higher than that 
available. For this case no single -segment shroud of any 
diameter used will provide satisfactory cooling. In order to 
obtain the required cooling the shroud must be divided into 
segments of shorter length. The design procedure for this 
case is continued in the section on multisegment shrouds. 

The sample problem fell into the category of case 3 in step 21. 
(See fig. 17( j) .) A two-segment shroud was assumed and the design 
continued as explained in a subsequent section on multisegment 
shrouds. The inlet ducts for both segments were assumed identical. 
The design procedure, calculations, and curves for the multisegment 
shroud are similar to those for the single -segment shroud; there- 
fore, they are not given for the sample problem. A shroud divided 
into two segments of equal length, 9 feet long and 0.752 feet in 
diameter, was found to provide satisfactory cooling for the subject 
installation. Pertinent values are listed in the following table: 


Segment 

Value of \J a to 
provide required 
cooling 
(lb/sec) 

Z>H in shroud 
for required 
cooling 
(lb/sq ft) 

^available 
for required 
Via value 
(lb/sq ft) 

Cooling- 
air- exit 
Mach 
number 

First 

Second 

1.92 

2.00 

6 5.6 

88.1 

91.5 

91.0 

0.32 
• 31 
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The exit Mach number for both segments is noted to be far below the 
recommended design value of 0.6. The drag power for the two-segment 

shroud was less than - percent of the brake horsepower of the engine 

This drag power is an inappreciable power requirement and will have 
a very small effect on the airplane performance.. 

SINGLE -SEGMET1T SHROUD FOR COURTED FLOW 


The design of a shroud for counter flow proceeds exactly as 
for parallel flow using, however, the calculation form given in 
table 4. For a counter-flow system the shroud mu 3 t be designed to 
meet limiting values of downstream exhaust-gas temperature ( in the 
exhaust- gas -flow direction) t G g, downstream cooling-air tempera- 
ture (in the cooling-air-flow direction) t a ,, and tips tr earn exhaust 
pipe temperature (in the exha us t -gas-flow direction) tp illus- 
trated in figure 2(b). This condition constitutes the only appre- 
ciable difference between the design for counter flow and parallel 
flow. 

Steps 1 to 14 - Factors and curves required for shroud design: 

The factors and curves required for shroud design are deter- 
mined exactly as in parallel flow, steps 1 to 14, respectively. 
In steps 10, 13, and 14, station 1 is replaced by station 2 . 

Step 15 - Curves of downstream exhaust -gas temperature 

Determine t^ by computing items ( 38 ) to (64) of table 4. 

Plot t e2 against \I a for each d s . 

Step 16 - Curves of downstream cooling-air temperature t a ^: 

Determine t ai by computing item ( 65 ) of table 4. Plot t a p 
against W e for each d s . 

Step 17 - Curves of upstream exhaust-pipe temperature t? : 

Determine tp^ by computing items ( 66 ) and ( 67 ) of table 4. 
Plot tp^ a .gainst W a for each d s . 
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Step l3 - Design d s and W a combinations: 

Select from the preceding plots of installation temperature 
(steps 15 to 17) the value of V a for each d s giving a 
temperature equal to the limiting temperature. After all 
installation temperatures are considered, note the value of W a 

which gives a temperature equal to one of the limiting values 
and lower than all the other limiting values for each d 3 . The 
procedure given in step 19 of parallel flow is used to determine 
the d s and W a combinations that will not exceed the recom- 
mended limiting choke factor. These combinations of d 3 and W a 
are used in the pressure -drop calculation. (Items (68) and (69) 
of table 4.) 

Step 19 - Curve of cooling-air pressure drop through sliroud dE: 

Determine the pressure drop for each d 3 and V7 a combination 

obtained in step l3 by computing items (70) to (88) of table 4. 
Select values of p a ^, t a ^, and t ei needed for this calcula- 
tion from the previously drawn plots of these values against W a 
(steps 13, 14, and. l6) . Plot the ^required BO obtained, 
the unavailable for the inlet duct size previously selected 
(step 10), and d s against W a on the same curve. The d s 
values are plotted against their corresponding combination 
values of W a that meet imposed limiting temperatures as 
obtained in step l8. 

Step 20 - Selection of shroud diameter d a : 

Selection of shroud diameter is exactly the same as for parallel 
flow (step 21). Similarly, if no single-segment sliroud of any 
diameter used will provide satisfactory cooling, the shroud 
must be divided into segments of shorter length. The design 
procedure for this case is continued in the following section 
on multi segment shrouds. 


MULTISEGMENT SHROUD FOE PARALLEL 0E COUNTER FLOW 


The design of a multisegment shroud proceeds in much the same 
manner as that of the single-segment sliroud for either parallel flow 
or counter flow, because each segment is treated as an individual 
shroud and is dependent only on the preceding segment for the inlet 
exhaust-gas temperature . 
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Step 1 - Diameter of shroud d s : 

Select the shroud diameter from the pres sure -drop curve, obtained 
for the single -segment shroud, which requires the smallest pres- 
sure drop for adequate cooling. This value of d 3 is used for 
all the shroud segments. 

Step 2 - Segment inlet -exhaust -gas temperature t e ^: 

Determine the inlet-exhaust- gas temperature for each shroud 
sequent by assuming linear gradient of exhaust-gas temperature. 
The exha ust -gas temperature at the shroud entrance and at the 
turbine inlet are the inlet-exhaust-gas temperature and the 
design downstream exhaust-gas temperature, respectively, 
obtained for a single -segment shroud from steps 2 and 5 of bhe 
parallel-flow or counter-flow design procedures. 

Step 3 “ Segment design downstream exhaust-gas temperature t^: 

The segment inlet temperatures obtained in step 2 are used as 
the limiting exhaust-gas temperatures to be met at the exit of 
the adjacent upstream segment; that is, tg^ of first segment 

equals t ei of second segment, and so forth. (See fig. 12.) 

Step 4 - Determination of shroud diameter d s : 

The design then proceeds exactly as explained previously, irith 
table 3 used for parallel flow or table 4 for counter flow; 
each segment is treated as an individual shroud. The pressure 
drop in each shroud segment is calculated only for the value 
of d 3 from step 1 and the value of V a that gives the 
required cooling and for which the recommended limiting choke 
factor is not exceeded. The shroud diameter selected in 
step 1 will provide satisfactory cooling if tho pressure drop 
in each shroud segment is less than the pressure drop available 
for that segment. 

It is unlikely that more than two segments with two entrances 
and two exits will ever be used because of the complexity of the 
duct system, the additional weight, and the possible attendant drag 
increases . 
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DESIGN PROCEDURE WHEN MULTISEGMENT SKROUD SYSTEMS 
PROVIDE UNSATISFACTORY COOLING 


When the pressure drop available for cooling is less than the 
pressure drop required for adequate cooling, the available pres- 
sure drop can be increased by several methods t (1) locate the 
intake of the inlet duct in a region of higher dynamic pressure, 

(2) locate the shroud exit in a region of lover pressure, (3) us 0 
a fan or ejector pump, and (4) install diffuser at the shroud exit 
to recover some of the exit dynamic pressure. If such improvements 
are impossible or the resulting gain in available pressure drop is 
insufficient to provide the additional cooling required, the only 
alternative left is to select the most favorable shroud geometry 
based on the cr iter ions set up in the foregoing procedure, to 
determine the cooling-air -flow rate and design temperatures that 
will be obtained for the pressure drop available, and then to adapt 
the installation by relocating components of the installation and 
selecting materials that can withstand these temperatures. 


DISCUSSION OF DESIGN PROCEDURES 


For this investigation the heat transfer from the exhaust gas 
to the cooling air was determined to be more greatly affected by 
the cooling-air -flov rate than by any other variable that may change 
with flight condition. Since the cooling-air -flow rate varies 
approximately as the square root of the density at the shroud inlet 
and the pressure drop available and since the density decreases so 
rapidly vith altitude, in the usual case the most critical flight 
condition for design is maximum-power flight for the slovest speed 
(climb) at rated altitude. 

In the procedures given herein all of the exhaust gas 'was 
assumed to flov through one exhaust pipe* In the cases in vhich 
two exhaust pipes carry the gases from the engine to the turbine 
or to the atmosphere, the exhaust-gas -f lov rate for each pipe is 
assumed equal to one-half the exhaust- gas -flov rate through the 
engine . 

In the design procedure a vide range of practical shroud 
diameter is assumed, as vas illustrated vhen the sample problem 
was discussed. Since increasing the shroud diameter relative to 
the exhaust pipe decreases the downstream cooling-air temperatures 
and the cooling-air pressure drop for a shroud of constant length, 
(see figs. 17 (g) and 17 (j)) it would seem desirable to assume large 
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values of shroud diameter. The exhaust -pipe temperatures and the 
exhaust-gas temperatures, however, increase with increase of shroud 
diameter. (See figs. 17(e), 17(f) , and 17(h).) The shroud diameter, 
therefore, is limited by the allowable exhaust-pipo and exhaust-gas 
temperatures and the weight and space limitations of the installation 

Analytical methods for determining the upstream exhaust-gas 
temperature t e ^ are not well developed and constitute another 
problem, which is not considered heroin. In the present work the 
manufacturer’s data are assumed to exist. The flight condition for 
which the shroud is being designed will set the engine-operating 
conditions that will enable the designer to determine from the 
engine data the gas temperature at the exhaust manifold. The exhaust 
gas temperature at the inlet to the shroud system can then be assumed 
equal to or slightly less than the temperature at the exhaust mani- 
fold, depending on the length of exposed pipe from the exhaust mani- 
fold to the shroud system entrance. The tempera tur a drop in the 
uncooled length will probably be not more than a few degrees pax 
foot of length. 

For the case of a design in which a single -segment shroud does 
not provide satisfactory cooling it has been proposed that a multi- 
segment shroud be used. Another proposal for those cases in which 
shroud temperature is exceeded in a single-segment system would be 
to use a double shroud around the hot inner pipe. No calculations 
were made for such a system but it has definite possibilities pro- 
vided that space is available. Again for those cases in which the 
shroud-temperature limit is exceeded, local heat shields may provide 
satisfactory protection of the installation at the critical points 
of the 3hroud system. 


CONCLUDING REMARKS 


The equations for predicting installation temperatures and 
cooling-air pressure loss for shrouded exhaust-pipe systems for 
parallel flow are considered to be verified within the limits of 
engineering requirements for one ratio of shroud diaaoter to exhaust- 
pipe diameter. by experimental data. Since the equations have no 
diameter-ratio limitations, provided that turbulent cooling-air flow 
exists in the annulus, the verification of the equations for one 
diameter ratio lends support to the belief that the equations are 
applicable to all practical ratios of shroud diameter to exhaust- 
pipe diameter for which the cooling-air flow is expected to be 
turbulent. No experimental data were obtained for counter-flow 
systems. The counter-flow equations, however, are believed to be 
equally applicable because of their similarity to the parallel-flow 
equations. 
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The application of the equations to the design of shrouds has 
"been considerably simplified "by the use of constant values of 0.24 
and 0.30 for the specific heats of the cooling air and the exhaust 
gas, respectively, and by the use of air properties in place of 
exhaust-gas properties for determining the heat-transfer coefficient 
of the exhaust gas.- Calculations shoved that these substitutions 
have a negligible effect on the accuracy of the results. 

The detailed procedures and charts, based on the derived equa- 
tions, permit the determination of the proportions of an exhaust- 
pipe shroud that provides desired or maximum cooling of an exhaust 
installation for both parallel-flow and counter-flow systems. The 
procedures for the initial choice of a single -segment shroud are 
extended to multisegment shrouds for the case in which desired 
cooling cannot be realized with a single- segment shroud. These 
procedures are further extended to include the case in which desired 
cooling cannot be attained with a multisegme'nt shroud of practical 
proportions. For this situation the procedures permit the deter- 
mination of the shroud proportions that provide the maximum possible 
cooling and the determination of the value of installation tempera- 
tures that exist with that shroud. The results of the design 
example, which is included to illustrate the use of the design 
procedures, indicate that in well-designed shrouds adequate cooling 
can be obtained with inappreciable cooling drag. 

One problem of immediate significance for which the equations 
and methods of shroud design are believed to be directly applicable 
is the design- of shrouds for the tail pipes of jet engines provided 
that the luminosity of the gases in the tail pipe is negligible and 
the cooling air exitB to the atmosphere. If the luminosity of the 
gases is not negligible for jet-engine installations, however, the 
analysis presented in this paper must be extended to include the 
heat transfer to the exhaust pipe by gas radiation. For installa- 
tions in which flaps or ejector pumps are used the method of appli- 
cation of the pressure-drop relations to shroud design must be 
modified from that of the present method to account for the departure 
of the cooling-air exit pressure from atmospheric pressure. 


Langley Memorial Aeronautical Laboratory 

National Advisory Committee for Aeronautics 
Langley Field, Va., June 19, 1947 
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APPENDIX 

EROEEPvTIES OF EXHAUST -G AS MIXTURES AND AIR 
Status of Data on Properties 


During the present investigation which led to the development 
and verification by experiments of equations for the design of 
exhaust-pipe shrouds and the development of shroud- design procedures 
based on the equations, certain properties of air and exhaust-gas 
mixtures for temperatures as high as 2300° F were required. These 
properties were the enthalpy, instantaneous specific heat, viscosity, 
and thermal conductivity. 

Data existed on the enthalpy and instantaneous specific heat 
of air from. 8o° F to 2240° F in reference 11 and on the instan- 
taneous specific heat, viscosity, and thermal conductivity of air 
from -100° F to l600° F in reference 12. Equations were also given 
in reference 12 for the determination of viscosity and thermal 
conductivity. Some data on the properties of mixtures of two gases 
are given in the literature, hut only a small amount of data on 
viscosity is available on mixtures of gases with as many constituents 
as exist in exhaust gas from engines. Equations for the instan- 
taneous specific heat and enthalpy of exhaust-gas mixtures, how- 
ever, were derived in reference 11 based on classical thermodynamics 
and tables of constants included for use in the equations. The data 
of both references 11 and 12 were based on the work of many experi- 
menters over a long period of years. 

In order to meet the foregoing requirement for the shroud 
design investigation values of viscosity and thermal conductivity 
of air from l600° F to 2300° F and values of instantaneous specific 
heat and enthalpy of exhaust-gas mixtures from 500° F to 2300° F 
had to be calculated by use of the equations of references 11 and 12. 
In addition, formulas had to be derived for the viscosity and thermal 
conductivity of exhaust-gas mixtures in a manner similar to the 
derivation of the formulas for instantaneous specific heat and. 
enthalpy of exhaust -gas mixtures in reference 11, and values of the 
properties had to be calculated with use of these newly derived 
formulas over the same range of temperature as the other exhaust- 
gas-mixture properties were calculated. The exhaust-gas-mixture 
properties involved properties of individual gases such as carbon 
monoxide which were obtained for the most part from reference 12. 

The purpose of this appendix is to give tables or charts of the 
foregoing properties and also the Prandti numbers of air and exhaust- 
gas mixtures over the range of temperature indicated and based on the 
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foregoing calculations and data. Details of methods for obtaining 
the properties and the derivation of the formulas for the viscosity 
and the thermal conductivity of exhaust -g^s mixtures are included 
herein. Although some of the results have been given in other 
papers, these results have been replotted so that all results will 
be in convenient form in one paper. 

The accuracy of the calculated results is uncertain in most 
cases because of the nonexistence of experimental data. Some indi- 
cation of the accuracy can be obtained by noting the accuracy of 
the properties of the individual gases in the references from which 
they were obtained and the manner in which calculated data fair into 
the experimental data. As far as the properties of exhaust -gas 
mixtures are concerned, regardless of the accuracy of the individual 
ga3 proparties, the accuracy depends on the exactness of the classical 
thermodynamic theory (presumably the best theory to date) which was 
used, in reference 11 and in the present paper. Until experimental 
data, are available, the calculated results presented herein are 
considered to be the most accurate available. 


Symbols 


a l = 


t J 02 

HS20 " ~ 

2.016 


a 2 « 


%o - — 


2.016 


i*co 2 “ ^o 2 


12 


b 2 = 


^02 " fcfcg 


12 


C 1 = ^ 2 + 2 ' a C0 " 2>1 co 2 


NACA TN No. 1U95 


53 


C 2 = + 23C CO ~ 21 *C0 2 


Cp C2 constants in formula for viscosity of air 

c p instantaneous specific heat of air at constant pressure, 

a Btu/lb /?F 

c« instantaneous specific heat of exhaust gas at constant 

e pressure, Btu/lb f°F 

c v instantaneous specific heat of air at constant volume, 

a Btu/lb /°P 

Cyp Q instantaneous specific heat of water vapor at constant 
^ volume, Btu/lb /°F 

2 ^C0 - H OOg 
12 

2k C0 " lc C02 
12 ~ 



^HgO + ^CO " !- l C0 2 

E-j s - • — 1 ■"•■■■■ 

2.016 

^0 + ^CO “ 

Ep * ■ i . . 

2.016 ... 

f fuel-air ratio 

G ratio of absolute to gravitational unit of mass, lb /slug, 

or acceleration duo to gravity, ft/sec~ 

i a heat content (enthalpy) of cooling air, Btu/lb (referred 

to 0° absolute) 

i 0 heat content (enthalpy) of exhaust gas, Btu/lb (referred 

to 0° absolute) 

K constant in equation (A23) 

K 1 constant in equation for k a determined from u a and c Vq 
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K 2 

k a 

k H 2 0> ^2' **• 

M a 

m 

S 

T 

T 

x e 

t 

x 

.a 

' a 

^HgO^ ^K 2 " ••• 


constant in equation for lqi 2 o 

thermal conductivity of cooling air, 

Btu/sec/sq ft/°F/ft 

thermal conductivity of exliaust gas, 

Btu/sec/sq. ft /°F /ft 

thermal conductivity of exhaust-gas constituents 
(desiccated by subscripts), Btu/sec/sq ft/°F/ft 

molecular weight of air (29) 
hydrogen-carbon ratio 

Sutherland constant in viscosity equation 
temperature, °C absolute or °F absolute 
exhaust-gas temperature, °F absolute 
temperature, °F 

mo Is of exliaust gas per mol of air 
absolute viscosity of air, slugs/sec/ft 

absolute viscosity of exhaust gas, slugs /sec/ft 

absolute viscosity of exhaust-gas constituents 
(designated by subscripts), slugs/sec/ft 


^1 = U C0 2 + !i H 2 ” ^CO ' 

$2 = 1: C0 2 + 4jl2 " kco " ^HgO 



Pr„ 


Prandtl number of air ^Cp^u.,3 p<: r ^ 

Prandtl number of exhaunt gas ^Cp^g jk Q 
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Chemical Symbols 

CO mols of carbon monoxide in exhaust gas per mol of air 

burned 

(CO) ' = CO + Hg 

COg mols of carbon dioxide in exhaust gas per mol of air 

burned 



(e 2 o) ' 
(%°). 



= COg - Eg 

mols of hydrogen in exhaust ga3 per mol of air burned 
mols of -water vapor in exhaust gas per mol of air burned 
~ HgO + Ilg 

mols of water vapor in air per mol of air burned 

mols of nitrogen in exhaust gas per mol of air burned 

mols of oxygen required for combustion per mol of air 
burned 

mols of excess oxygen in exhaust gas per mol of air burned 
mols of oxygen in air per mol of air burned (0.209^) 


Methods of Obtaining Properties of Air 

Enthalpy i a . - The enthalpy for air over a range of temperature 

from Go to 2240° E has been reported in table II of reference 11. 
All enthalpy values were referred to a temperature of 0° absolute. 
The values given were based on information published in chemical 
journals from 1933 to 1939} the complete bibliography containing the 
informntion j s given in reference 11. These values were plotted 
against temperature for use in the present paper in order that all 
of the data compiled herein would be available in one paper in a 
convenient manner. 
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Instantaneous specific heat 


"Pa*' 


The instantaneous specific 


heats of air 'based on the same information as that for the enthalpy 
of air and over the same range of temperature are also given in 
table II of reference 11. In reference 12 the instantaneous specific 
heats of air are also given from -100° F to l600° F . The results of 
references 11 and 12 are in excellent agreement for the overlapping 
range of temperature. A curve of instantaneous specific heat of 
air over a range of temperature from -100° F to 2240° F ms then 
dram based on the data of the two references. Further comparison 
of the data of references 11 and 12 with data on instantaneous 
specific heat in reference 13 up to l600° F showed the latter data 
also agreed very well with the other values. 


Viscosity u a . - Values of viscosity of air for a temperature 

range from -100° F to l600° F have been reported in reference 12 in 
a table and a figure. These values were based on the work of many 
experimenters and a bibliography in reference 12 gives the reports 
used. The viscosity values given in reference 12 were replotted for 
presentation herein. At temperatures between l600° F and 2300° F 
the following formula given in reference 12 wa s used to calculate 
the viscosity values which were also plotted on the curve of 
viscosity against temperature: 



C 1 



T Q + c 2 


♦ 


(Al) 


where 

T Q temperature of air > absolute 

c^_ a constant 

c 2 a constant 

The constants in the formula were obtained from the data given for 
temperatures below l600° F. 

Conductivity k Q .- Values of conductivity of air are also given 

in reference 12 over a temperature range from -100° F to 1600° F. 

As for the viscosity p a these values of conductivity are based on 
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the work of many experimenters whose reports are listed in refer- 
ence 12. The conductivity of air values given in this reference 
were replotted for use in the present paper. For temperatures 
■between l600° F and 2300° F the conductivity values were calculated 
by use of the following f ormula given in reference 12 : 


k a = K llia c Va 

The constant -was calculated from the data on \x Q and k a 

for temperatures "below l600° F in reference 12 and from values 
of c v , the instantaneous specific heat at constant volume, cal- 
culated by means of the following formula given on page 17 ° of 
reference 13 : 


c = 0.1509 + 0.0000342T - 0 ,00000000293T a 2 (A3) 

Y a 

where is air temperature in RF absolute- Values of the con- 

ductivity of air for temperatures above l600° F were then calculated 
by use of equations (A2) and (A3) , the value of calculated by 

the method given, and the calculated values of p a for temperatures 
above l600° F . The values above l600° F were then plotted with 

the values below l600° F . 

Prandtl number Pr a . - The Prandtl number for air c p a ^aS/^"a 

was calculated for a range of temperature from -100° F to 2300° F 
by use of the values of , and k g that had been deter- 

mined for this range of temperature. 

Methods of Obtaining Exhaust-Gas Mixture Properties 


Enthalpy i p and instantaneous specific heat Cp^.- Equations 


for the calculation of the enthalpy i e and the instantaneous 
specific heat Cp_^ of exhaust-gas mixtures for any fuel-air ratio 


and hydrogen-carbon ratio of the fuel are given in reference 11. 

The equations are based on classical thermodynamics and complete 
details of their derivation are given in the reference. Tables of 
constants to be used in the equations are included in the refer- 
ence. The energy of combustion of CO and (carbon monoxide 

and hydrogen, respectively) at the absolute zero of temperature was 
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included in the constants to he used in the enthalpy equations of 
reference 11. These constants were recalculated for the present 
paper without this energy. The result is that the enthalpy cal- 
culated with the new constants will he I c_, dT 0 above the absolute 

J p e 6 

zero of temperature. Calculations of the enthalpy and instantaneous 
specific heat were then made with the equations, the constants of 
reference 11 for Cp g , and the new constants for i e over a range 

of fuel -air ratio from 0.01 to 0.12, hydrogen-carbon ratios from 0.10 
to 0.20, and exhaust-gas temperatures from 500° 3? to 2300° S’. 

It was intended to present faired curves based on these cal- 
cinations for the entire ranges of exhaust -gas temperatures, fuel- 
air ratios, and hydrogen-carbon ratios. It was possible to do so 
for the instantaneous specific heat and these curves are shown 
herein. Since the hydrogen-carbon ratio is a constant for each 
fuel, these curves and all the rest of the curves for exhaust-gas- 
mixture properties are presented in families of constant hydrogen- 
carbon ratio. The accuracy of interpolation for variables between 
the given curves is limited only by the accuracy of the curves 
themselves. Inasmuch as the fuel-air ratio for the stoichiometric 
mixture varies with hydro gen- carbon ratio between the limits 0.0 6 
and O.08, the range of fuel-air ratio over which appropriate equa- 
tions were applicable was indefinite. Consequently lean-mixture 
equations were applied up to a fuel-air ratio of 0.06 and rich- 
mixture equations down to a fuel-air ratio of 0.08, and the values 
for a fuel-air ratio of 0.07 were obtained by cross plotting the 
calculated values ajpinst fuel-air ratio and interpolating in the 
range between 0.06 and 0.0S. In order to present faired curves of 
enthalpy of sufficient accuracy for use, the curves would have 
required a greatly expanded scale and consequently a very large 
figure. In order to avoid this large plot, the calculated values 
of the enthalpy of exhaust gas for the ranges of temperatures, fuel- 
air ratios, and hydrogen-carbon ratios are presented in a table. 

One figure is given simply as an illustrative curve of enthalpy for 
one hydrogen-carbon ratio to show the variation of enthalpy with 
temperature and fuel-air ratio. 


Vis cosity Data on viscosity over only a limited range of 

conditions (reference 14) were available for mixtures of gases with 
a large number of constituents such as are found in exhaust-gas 
mixtures. Mixtures of two constituents are about the only gas 
mixtures usually reported in the literature. An equation was there- 
fore derived for the viscosity p e by methods which were similar 


to those used to arrive at the equations for i e and 


C Pe 


in 
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reference 11. This equation ■was then used to calculate |i e over 

a range of exhaust-gas temperature, fuel-air ratio, and hydrogen- 
carbon ratio. The derivation of this equation, is given herein. 

Discussions in references 15 and 16 on the viscosity and 
thermal conductivity of mixed gases may he summarized as follows* 

For exhaust gases containing no hydrogen the viscosity of the 
mixture is very nearly the average of that of the components, 
weighted in proportion to their partial volumes. The absolute 
viscosity must he used, for this calculation. When hydrogen is 
present, the averaging process yields too low a viscosity. The 
average viscosity computed by excluding hydrogen from the average 
is probably a little too large. The thermal conductivity is 
obtained by an averaging process similar to that for viscosity. The 
result is mere nearly correct for thermal conductivity than for 
viscosity, particularly, when hydrogen is present. Then, approxi- 
mately, 


^e 


- ( co a) ,x oo 2 + ( H s) |J % ■*■••• 

(A4) 

- ( co 2Ho 2 + ( H a)'B 2 + • • • 

(A5) 


where 

x 

CO 2 , Hg, ... 
•*C0 2 > %£> •• 


mols of exhaust gas per mol of air 

mols of exhaust-gas constituents per mol of air 

physical properties of exhaust -gas constituents 


The equation involving k g has been included at this point to show 
its similarity to the equation for (i Q . The cond-uctivity, however, 
will be taken up in the next section. 

The first part of the problem is the determination of the mols 
of constituents per mol of air and exhaust-gas mixture in terms of 
fuel-air and hydrogen-carbon ratios. These values are then substi- 
tuted in an equation similar to equation (A4) and. a formula derived 
for u e in terms of the fuel-air ratio f, the hydrogen-carbon 

ratio m, and the viscosities of the individual gases. Finally, 
values of \x for the individual gases are obtained and substituted 
in the equation for u e . 
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Formulas are given in reference 11 for the masses of exhaust- 
gas constituents formed ‘when 1 mol of air is burned for ranges of 
mixtures leaner than the stoichiometric and richer than the 
stoichiometric# The masses of the constituents are functions of 
the fuel-air and hydrogen-carbon ratios. Various assumptions are 
made in reference 11 in order to determine these formulas* One 
assumption is that, in the range of mixtures leaner than stoichio- 
metric, the fuel is completely converted to carbon dioxide CO2 
and water HgO. A further assumption made is that the amount of 
water vapor in the combustion air is negligible and can be dis- 
regarded for both the lean and rich mixtures* The formula for |i 0 

in the lean -mixture range is 

xu e = (c0 2 )h C o 2 + (H20)h H2 q + (n 2 )u N2 + (o 2 ')|.io 2 (A6 


where 

0 2 ' mols of excess oxygen in exhaust gas per mol of air after 
combustion 

U 2 mols of nitrogen in exhaust gas per mol of air 
Now 

“a - ( h 2)!‘N 2 + (VHg + (° 2 )^ 2 


where 

0 2 mols of oxygen required for combustion per mol of air 


or 


(^2)% + (°2') |J 0 2 = " (°2) !A 0 2 

Substituting equation (A7) in equation (A6) gives 
X!i e " + ( C0 2) |i C0 2 + ( H 2°) M H^0 “ 


(A7) 


(A8) 


From the formulas in reference 11 the following formulas were 
derived: 


NACA TKT No . 1495 


6 1 


co 2 


12(m + 1) 


(A9) 


H 2 0 


fMgEl 

2.0l6(m + 1) 


f m ( i_ + H \ 

0 \ 32 2 X 2.01 6/ 


(m + 1) 


- 1 + f: 


flV fl 


2 x 2.0l6(m + 1) 


where 

f fuel-air ratio 


(A10) 


(All) 


(A12) 


m hydrogen-carbon ratio 

M g molecular weight of air (25) 

If equations (A9) to (A12) are substituted in equation (A8 ) t 
the viscosity of the exhaust gas becomes 


where 


U a i f (aim + b x ) 
m + 1 

(A13) 

1 fm 


M a 2 x 2.0l6(m + 1) 


no 2 


_ m^o • — 

a a — ™— =— 

1 2.016 

(A 14 ) 

. WOp " ^Op 

b l = 

32 

(A 15 ) 
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In the range of mixtures richer than stoichiometric one of the 
assumptions made is that the constituents of the exhaust gas are C0 2 , 

H 2 0, Hg, CO, and N 2 . (See reference 11.) Then, 


xn c = (co 2 )u c02 + + (^2)^2 + (°°^co + (^2)^2 


Now 


(%)% • - i^bor 


(A17) 


where 


(o 2 ) mols of oxygen in air per mol of air ( 0 . 209 ^) 

' 'a 

Equation (Al6) then becomes 

x h e * (c° 2 )uco ? + ( H 2°)l i II 2 0 + ( E 2 j ) m 'H 2 + ( co ^l i CO + l*a " (°2) ^ ^ A1 ^ 


From reference 11 the following equations for the mols of exhaust 
gas and constituents were derived: 



C0 2 . 2(o 2 ) 


fMa 


fl^m 


a 12(m + 1) 2.0l6(m + 1) 


r ♦ H. 


ML 

EpO = 2 Ho 

* 2.0l6(jn +1) d 


CO . _J3£_ + Jlk 

2.0l6(m + l) 6(m + l) 


- 2 (°2.). ' % 



(A19) 

(A20) 

(A21) 

(A22) 
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h 2 = 


\|[k(C 0 2 )’ + (CO) ’ + (H 2 0)’] 2 + 4(K - i)(co) ’(II 2 0) 


2(K - 1) 


•where 

K = 3.8 


K(C02)’ + (CO) 1 + (HgO)* 

2(K - 1) 


(A23) 


(CO 2 y - (C0 2 ) - (H 2 ) 

(A24) 

(00) 1 = (CO) + (ft,) 

(A25) 

(\ 0)’ - (%°) + (%) 

(A26) 

(°2) + __ , 

(A27) 


a 12 (m + 1) 2.0l6(m + l) 


Substitution of equations (A19) to (A27) in equation (Alo) 
leads to the following expression for |i e in the mixture range 

richer than stoichiometric: 


M — _ 

~ - %-^Ci -V ------ (D x + nfiE,) + 

[Ma 1 + m V 1 1} M/1 

* 0 

^ _ (®2)a , f /I m \ 


,_ M a M a 1 + m Vl2 + 2.016 /_ 


(A28) 
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where 

C 1 “ **0g + 2 ^C0 “ 2 ^02 

(A29) 


„ ( 2 >*co " ^02) 

iJ- ts — — — 

1 12 

(A30) 


(^EgO + ^00 " Wg) 
x 2.016 

(A31) 


01 = (^co 2 + % - ^C0 " 

(A32) 


The viscosities of the individual gases were next determined 
for use in finding the constants a-^ b^, and so forth in the 

equations for n e . The viscosities of Hr>> Ng, 0 2 , COg, and CO 

were obtained by means of formulas and values given in tables in 
reference 12. The viscosity of HgO was calculated by use of the 

Sutherland equation obtained from reference 17, page 1. Thi3 equa- 
tion is 


3 

(^°)t a / T \ g /2734 + s \ 

(^SoO) ** '273.1/ V T + S / 

' ^ 'o° c 

where 

T temperature, 0° C absolute 


(A33) 


Sutherland constant (from reference 17, table 1, p. 4, 
S for H 2 0 = 650) 


The viscosity of HgO at 100° C is 0.2527 X 10“° slugs per second- 

foot. (See reference 15, P* lSo, units changed to British engineering.) 
This value and the value of S were U3ed in equation (A3 3) to calcu- 
late the viscosity of water at 0° C. Since the value of (t^o) 
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■was known, values of the viscosity over a largo range of temperature 
wore calculated by use of equation (A33). 

Tho constants in the equations for |i. 0 were then calculated by 
use of the viscosities of the individual gases and equations (Al4) , 
(Al-5), (A29), (A30), (A31), and (A32). These constants were then 
used to calculate n e over ranges of fuel-air and hydrogen-carbon 
ratios and temperatures by use of equations (A13) and (a 28) . 

Conductivity k Q No data on the conductivity of mixtures of 
gases with a large number of constituents were available. Conse- 
quently, derivations of equations for k Q in a manner identical to 
that used for the equations of \i Q , on the basis of equations (Ah) 
and (A5), were made. The derivations led to equations, for the 
range of mixtures leaner than stoichiometric, identical to equa- 
tions (A13) to (A15) and for the range of mixtures richer than 
stoichiometric to equations identical to equations (A28) to (A32), 
with the exception that every value of q in tho foregoing equa- 
tions is replaced with a k. The constants in the equations for k 0 

are denoted ag, bg, Cg, Dg, Eg, and $2 which correspond to 
the constants in the equations containing n 0 . 

The conductivities of the individual gases wore then determined. 
The conductivities of COg, Ng, CO, Og, and Eg were determined 

in the same manner that was used to determine the conductivity of 
air, which has already been described, by use of the data on the 
conductivities of the individual gases at temperatures below l600° F 
in reference 12, the data on the viscosities of the individual gases 
calculated in the manner given in the preceding section of this 
paper, and equations for instantaneous specific heat at constant 
volume given in reference 13 for the individual gases. The con- 
ductivity of HgO was calculated from the formula 


where Kg was obtained from reference 19 , p. l8o, and values 


The values of viscosity MggO already described were also used. 

The constants in the equations for k 0 were then calculated by 
use of the conductivities of the individual gases and equations 
similar to equations (Aik), (A15), (A29) to (A32) with the tern n 



(A3k) 


of c. 


were calculated from an equation given in reference 13 . 
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replaced -with k in all instances* These constants were then used 
to calculate k e over ranges of fuel-air ratios, hydrogen-carbon 
ratios, and temperatures frcm equations similar to equations (A13) 
and (A28) . The thermal - c onduct i vit y curves were extrapolated 
between the fuel-air ratios of 0.0 6 and 0.08j the curves are dashed 
in this range. 

* l 

Prandtl number Pr e «- The Prandtl number Cp Q n e g|k e for the 

gas mixtures was calculated by use of the values of instantaneous 
specific heat, viscosity, and conductivity that were read from 
faired curveB of these properties. Because of the excessive over- 
lapping and crossing of faired curves of the calculated Prandtl 
numbers of exhaust gases that were plotted for a range of tempera- 
ture, fuel-air ratio, and hydrogen-carbon ratio, the data are pre- 
sented in a table. One plot of Prandtl number for one hydrogen- 
carbon ratio was prepared to illustrate the variation of Prandtl 
number with fuel-air ratio and temperature . Values at the fuel-air 
ratio of 0.07 were calculated from the interpolated values of 
specific heat, viscosity, and thermal conductivity. 


Properties of Exhaust-Gas Mixtures and Air 

Air properties .- The instantaneous specific heat and enthalpy 
of air over a range of temperature up to 2300° F are given in 
figure 18 and the viscosity, conductivity, and Prandtl number of 
air up to the same temperature are given in figure 19* The cal- 
culated values of viscosity and conductivity above l600° F fair 
very well into the values below l600° F (fig. 19); thus, confidence 
is provided in the formulas used in the calculations. 

The instantaneous specific heat (fig. 18) varied from about 0.24 
at room temperature to 0.29 at 2300° F. Consequently, the value 
of 0.24 usually used may be in error as much as 15 percent. 

The Prandtl number is also usually assumed a constant with a 
value of about O.73. Figure 19 shows that use of this value at 
room temperatures will lead to little error, but its use at high 
temperatures will lead to some error because the Prandtl number 
falls to a value of about 0.62. 

Exhaust-gas-mixture properties .- Values of the enthalpy i e 
of exhaust-gas mixtures are given in table 6. Figure 20 illustrates 
the type of variation obtained with fuel-air ratio and temperature 
for a hydrogen-carbon ratio of 0.10. From table 6 and figure 20 it 
is apparent that the main change in enthalpy occurs because of 
temperature change. 
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The variation of the specific heat of exhaust-gas mixtures 
with temperature, fuel-air ratio, and hydrogen- carbon ratio is 
given in figures 21(a) and 21(h) . An appreciable change in Cp e 

occurs for a wide variation in temperature and fuel-air ratio, hut 
the change with hydrogen-carbon ratio is much less. Appreciable 
error could possibly be Introduced in a problem dealing with 
exhaust-gas mixtures if a constant value of Cp Q such as 0.30, 

which is sometimes assumed, is used. 

Curves similar to those of figure 21 far Cp^ are given in 

figure 22 for the viscosity n 0 . Values of and of the constants 

to be used in the exhaust -gas -mixture viscosity equations are given 
in table 7 for a temperature range from 500° F to 2.300° F. Only the 
values of p. 0 for the extreme ranges of hydrogen-carbon ratio, 0.10 

and 0.20, are given in figure 22 because the change in p e was small 
enough such that interpolation between the values given for other 
ratios will result in good estimates of viscosity. 


As stated previously, some data on the viscosity of exhaust- 
gas mixtures are given in reference 14. The ranges of conditions 
for which these data were obtained were from 75° F to 890° F and 
fuel-air ratios from 0.0625 to 0.167. The hydrogen-carbon ratio of 
the fuel used was not given. For the ranges tested the viscosity 
was found to be nearly independent of the fuel-air ratio used. Ho 
mention is made in reference 3.4 of the effect of hydrogen-carbon 
ratio on the viscosity (i 0 . Figure 22 shows that the viscosity is- 
affected to some extent by both fuel-air ratio and hydrogen-carbon- 
ratio variations. In order to compare the results of reference 14 
with those of figure 22 it was assumed that gasoline with a hydrogen- 
carbon ratio of 0.17, a normal value for aviation gasoline, was vised 
in the tests of reference 14. The comparison showed that the 
average differences between the two sets of results varied from 
about 3 percent to 4 percent; the experimental values are higher 
than the calculated values. Inasmuch as reference 14 states that 
the experimental values can be as much as 2 percent too high because 
of experimental errors and also because the hydrogen-carbon ratio 
had to be assumed, the agreement is very good. 

Curves of exhaust-gas -mixture conductivity k e against fuel- 

air ratio for several constant temperatures are given in figure 23(a) 
for a hydrogen-carbon ratio of 0.10 and in figure 23(b) for a ratio 
oi 0.20. Only results for the two H/C ratios are given for the 
same reason that only curves of for these two ratios were given. 

Values for any intermediate hydrogen-carbon ratio obtained by inter- 
polation will differ from the calculated values by less than — percent. 
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Constants and values of conductivity of air 1% used in the 
k g formulas are given in table 8 for a range of temperatures 

from 500° F to 2300° F. In the range of fuel -air ratio leaner than 
the stoichiometric from 0.01 to 0 .06, the conductivity changed very 
little -with fuel-air-ratio change. (See figs. 23(a) and 23(b).) 
Above the range of the stoichiometric mixture the conductivity 
increased rapidly with increases of fuel-air ratio. The increase 
of conductivity with temperature ■was rapid in both the lean and 
rich fuel-air-ratio ranges. 

Values of Prandtl number for exhaust-gas mixtures, for a tem- 
perature range from 500° F to 2300° F and a fuel-air ratio range 
from 0.01 to 0.12, at a hydrogen- carbon ratio of 0.10 are given in 
figure 24 to illustrate the type of curves obtained. Values for 
other hydrogen- carbon ratios are given in table 9* 

A summary table is given below for easy reference to the 
figures and tables for obtaining the properties. 


Property 

Symbol 

Units 

Location 

Enthalpy of air 

i a 

Btu/lb 

Fig. 18 

Instantaneous specific heat 
of air 

°Pa 

Btu/(lb)(°F) 

Fig. 18 

Viscosity of air 

8 a 

slugs/( sec) (ft) 

Fig. 19 

Conductivity'' of air 


Btu/(sec)(ft 2 )(°F/ft) 

Fig. 19 

Prandtl number of air 

^a 


Fig. 19 

Enthalpy of exhaust gas 

*e 

Btu/lb 

Table 6 

Instantaneous specific heat 
of exhaust gas 

C P 

Btu/(lb)(°F) 

Fig. 21 

Viscosity of exhaust gas 

^e 

slugs/(sec) (ft) 

Fig. 22 

Conductivity of exhaust gas 

k e 

Btu/(sec)(ft 2 )(^F/ft) 

Fig. 23 

Prandtl number of exhaust 
gas 

^e 

1 

Table 9 
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TABIZ 1 


APPROXIMATE VALUES CF VARIABLES INVOLVED IN ISOTHERMAL 
AND HEAT-TRANSUR TESTS 




Range of yariables 

Test 

Type 

of 

test 

Cooling- air 
Reynolds number, 

^(Ab - %)/» 

Exhaust -gas 
Reynolds number, 
pVd/n 

Exhaust -gps 
Rrandtl number, 
u c p g/k 

Exhaust -gas 
temperature 
°F 

Fuel-air 

ratio 

A 

Iso- 

thermal 

100,000 

to 

324,000 










B 

Heat 

transfer 

265,000 

220,000 

0.59 

to 

0.66 

1160 

to 

1500 

0.063 

to 

0.090 

C 1 

Heat 

transfer 

170,000 

120.000 

to 

220.000 

0.64 

to 

O.65 

920 

to 

1270 

0.078 

C 2 

Heat 

transfer 

250,000 

215,000 

to 

360,000 

O.58 

to 

0.61 

1150 

to 

11*20 

0.089 

D 

Heat 

transfer 



170,000 

to 

280,000 

189,000 

0.64 

1170 

0.078 
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TABLE 2 

EFFECTS OF APPROXIMATIONS AND FAIRING- METHODS ON 
EESX2I TEMPERATURES AND PRESSURE LOSSES 


(a) Effect of using air properties in place of 91 s properties 

Deal 

temperatures 

Station 

Percent error due to use of air properties 

Exhaust gas, t 0 

2 

3 


0.2 

0.2 

Cooling air, t a 

2 

3 


- 1.0 

-1.5 

Exhaust pipe, tp 

1 

2 

3 


-4.5 

-3.5 

-3.0 

(b) Effect of using constant values of specific heat 

in place of integrated mean values 

Desi 0 i 

temperatures 

Station 

Percent error due to use of constant 
values of specific heats 

Exhaust gas, t 0 

2 

3 


- 0.3 to 0.0 
-0.4 to 0.2 

Cooling air, t a 

2 

3 


-0.3 to 0.8 

-0.6 to 0.5 

Exhaust pipe, t p 

1 

2 

3 


- 0.3 to 0.3 
- 0.5 to 0.3 

-0.6 to 0*5 

(c 

) Effect of fairing method on measured pressure losses 



Percent deviation from results on original fairing - 
method* of reference 6 

mut'jimjl.— 

Arithmetic 

mean 

Extreme Coinciding 

fairing rake fairing 

* 1-2 

±2.0 

1.1 -2.0 

^ 1-3 

±3.0 

-1.3 -0-3 

(d) Effect of fairing method on design temperatures 

Design 

Station 

Percent deviation from results on original fairing - 
methods of reference 6 

temperatures 

Arithmetic 

mean 

Extreme Coinciding 

fairing rake fairing 

Exhaust gas, t 0 

2 

3 

1.3 

1.0 

- 0.3 - 1.0 

- 0.3 - 1.0 

Cooling air, t ft 

2 

3 

3.0 

3.5 

0.8 2.0 

0.6 1.4 

Exhaust pipe, tp 

1 

2 

3 

0.3 

1.3 

1.1 

- 1.0 - 0.7 

- 0.8 - 1.2 

- 0 .4 - 0.8 
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CAIXJULATIDN FORM FOR SHROUD UESK2T - PARALLEL FLCW 


Step 

Iteatt^ 

Quantity 

SoVarco 

Symbol 

Units 




Factors for design 





(i) 

Brake hcnrsepover 

Manufacturer 

bhp 

hp 

2142 


(2) 

Fuel-air ratio 

Manufacturer 

f 


0.0961 

1 

(3) 

Exhaust -gas -flow rate throu^i engine 

Manufacturer's data or equation (47) 

W e 

lb/sec 

It. 64 

2 

(*0 

Exhaust -gas temperature at shroud entrance 

Manufacturer's data and equation (48) 
or analytical method 

*•1 

°F 

1800 

3 

(5) 

Exhaust -pipe diameter (outer) 

Manufacturer 

s 

ft 

0 .4583 

4 

(6) 

Velocity of airplane 

Performance data 


ft /sec 

468 


(7) 

Altitude 

Performance data 


ft 

30,000 


(8) 

Exhaust -pipe material 

Manufacturer 



l8-8 

H-hA-f A Mil ftssl 

5 

(9) 

Design exhaust -gas temperature 

Manufacturer 

*•8 

°F 

1650 

6 

(10) 

Design exhaust-pipe temperature 

Manufacturer 

S 

°F 

1400 

7 

(11) 

Design shroud temperature 

Manufacturer 

*■2 

°F 

800 



Pressure drop available at shroud entrance 




(12) 

Free-strean static pressure 

(7) and reference 8 

Po 

lb/ft 2 

628.1 

4 

(13) 

Free -stream temperature 

(7) and reference 8 

To 

°T abs. 

411.4 



Free -stream density 

(7) and reference 8 

p o 

slugs/ft^ 

O.OOO889 


(15) 

Free -stream dynamic pressure 

(1*0 x (6) 2 x T Co j2 

% 

lb/ft 2 

102.8 


are carried In parentheses to Indicate rov used In calculations. 
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TABUS 3 - Continued 




CALCULATION FORM FOR fflROUD DESIGN - PARALLEL FLOW - Continued 


Step 

Item 1 

Quantity 

Source 

Symbol 

Units 











Pressure drop available at shroud 

entrance 

9 

( 16 ) 

Coollng-alr-flov rate 

Assumed (approximately 
1/8 to 1/2 of (3)) 

V a 

lb/sec 

0.50 

1.00 

1-50 

2.00 

2.50 

0.50 

1.00 

1.50 

2.00 

2.50 

10 

(17) 

Cross -sectional area of lnlst 
duct straight section 

Area of straight section of 
assumed Inlet duct 

A 1 

ft 2 

0.1647 

0.1964 

( 18 ) 

Length of inlet duct straigjt section 

Length of straight section of 
assumed Inlet duct 

l i 

ft 

6 

6 

(19) 

Hydraulic diameter of inlet 
duct straight section 

4 X (17) /Perimeter of inlet duct 
straight section 

D i 

ft 

O .458 

0.50 

( 20 ) 

Dynamic pressure in straight section 

0-00048 x &16)/(17)] 2 /(1*) 

*1 

lb/ft 2 

4.98 

19.90 

44.79 

79-62 

124.41 

3.50 14.00 

31.49 

55-99 

87.49 

(21) 

^o 

[( 13 ) - 46o] and figure 19 


slugs 
(sec) (ft) 

0.317 x 10- 6 

0.317 x ID 6 

(22) 

*1 

0.031 x (16) x ( 19 )/[( 17 ) x (21)] 

*1 


135,970 

271,940 

407,910 

543 , 880 

679,950 

124,480 

248,960 

373,440 

497,920 

622,400 

(23) 

Friction factor 

( 22 ) and reference 9 

f i 


0.00512 

0.00445 

0.00412 

0.00392 

0.00377 

0.00521 

0.00452 

0.00421 

O.OO 398 

O.OO 383 

(210 

Friction pressure loss In straigit- 
section Inlet duct 

k X ( 18 ) X ( 20 ) x ( 23 )/( 19 ) 


lb/ft 2 

1-33 

4.62 

9.60 

16.10 

24.07 

O .87 

3.03 

6.30 

10.57 

15.79 

Where the inlet duct contains more them one straight section, the calculations of 1 teas (l6) to (24) are 
repeated to determine the pressure lose in each straight section. If the Intake duct contains 
bends and/or diffusers; supplementary calculation forms vill be needed to calculate the pressure 
losses In each bend and/or diffuser as given by the equation and method of step 10 of the 
a ingle -se giant desiga procedure. 




(25) 

Total pressure drop In Inlet duct 

\ Bend and 

0.05 x (15) + ) (24) ♦ > diffuser 

L — . losses 

^o-l 

lb/ft 2 

6.47 

9-76 

14.74 

21.24 

29.21 

6.01 

8.17 

11.44 

15.71 

20.93 

(26) 

Pressure drop available at 
ahroud entrance 

(15) - (25) 

^available 

lb /ft 2 

96.33 

93-04 

88.06 

8 I .56 

73.59 

96.79 

94.63 

91.36 

87.09 

81 . &T 


^Iteoa are carried In parentheee* to indicate row used in calculations. 
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TABUS 3 ” Continued 


CALCUUtTIOH FCRM FOE SHROUD DESIGN - PARALLEL FLOW - Continued 


Step 

Item 1 

Quantity 

Source 

Symbol 

Units 













Pressure drop available at shroud entrance 



9 

(16) 

Coollng-alr-flov rate 

Assumed (approximately 
1/8 to 1 of (3)) 

W a 

lb/sec 

0.50 

1.00 

1.50 

2.00 

2.50 

0.50 

1.00 

1.50 

2.00 

2.50 

10 

(17) 

Cross-sectional area of inlet 
duct straigit section 

Area of strai^it section of 
assumed inlet duct 

*i 


0.2376 

0.2827 

( 18 ) 

Length of inlet duct straight section 

Length of straigit section of 
assumed inlet duct 

l i 

ft 

6 

6 

(19) 

Hydraulic diameter of inlet 
duct Btrai^it section 

4 X (17) /Perimeter of inlet duct 
straight section 

D i 

ft 

O .55 

0.60 

(20) 

Dynamic pressure in straight section 

0.0001.8 x [(16)/(17)] 2 /(U>) 


lb/ft 2 

2.39 

9.56 

21.52 

38.25 

59.78 

1.69 

6.75 

15.20 

27.02 

42.22 

(21) 


[( 13) ” 46oj and figure 19 


slugs 
(sec) (ft) 

0.317 x 10 6 


0 

.317 x 10 



(22) 

R i 

0.031 x (16) x (19)/ [(17) X (21)] 

R i 


113,190 

226,370 

339,560 

452,740 

565,930 

103,780 

207,560 

311,330 

415,100 

518,880 

(23) 

Friction factor 

(22) and reference 9 

f i 


0.00531 

0.00461 

0.00428 

0.00403 

0.00390 

0.00541 

0.00469 

0.00433 

0.00412 

0.00395 

(24) 

Friction pressure loss in straight- 
section inlet duct 

4 x (18) x (20) x (2^)/(19) 

*i 

lb/ft 2 

0.55 

192 

3-99 

6.69 

10.00 

0.36 

1.26 

2.62 

4.40 

6.58 

Where t 
repe 
bend 
loss 

Bine 

he inlet duct contains more than one st 
ated to determine the pressure loss in 
b and/or diffusers^, supplementary calcul 
es in each bend and/or diffuser as give 
4a _ segnent design procedure . 

raight section^ the calculations of items (l6) to (24) are 
each straight section. If the intake duct contains 
ation forms viU be needed to calculate the pressure 
n by the equation and nmthod of step 10 of the 











(25) 

Total pressure drop in inlet duct 

\ Band ana 

0.05 x (15) + y (24) + \ diffuser 
L — Z losses 

*o-l 

lb /ft 2 

569 

7.06 

9.13 

11.83 

15.14 

5.50 

6.41 

776 

9.54 

11.72 

(26) 

Pressure drop available at 
ahroud entrance 

(15) - (25) 

^available 

lb/ft 2 

97-11 

95.74 

93.67 

90.97 

8f.66 

97-30 

96.40 

95*04 

93.26 

91.08 


are carried In parentheses to indicate rov used In calculations • 
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TABIZ 3 - Continued 


<3 


CALCULATION FORM TOE SHROUD DBS1GH - PARALLEL FLOW - Continued 


3tap 

Its . 1 

Quantity 

Souroe 

Symbol 

Unite 
















Design variables 


11 

(27) 

Length of ahrond aslant 

Assraad 

1 

ft 

18 

18 

18 

12 

( 28 ) 

Shroud diameter 

Assuasd 

4 . 

ft 

0.583 

0.625 

O .667 

9 

(29) 

Cool lag-air - f loar rata 

Asiti 1 

V . 

lb/sec 

0.50 I 1.00 I 1.50 I 2.00 I 2.50 

0.50 I 1.00 I 1.50 I 2.00 I 2.50 

0.50 I 1.00 I 1.50 I 2.00 I 2.50 



Coollng-alr conditions at ahroud entrance 

13 

(30) 

Free-stren* stagnation 
temperature 

( 13 ) ♦ 0 . 0000832 ( 6 )* 

T °t 

°f aba. 

b 29.6 

b29.6 

b29.6 

(31) 

Preaeure drop available 
at ahroud entrance 

(29) and curre of ^ Diablo 
for inlet dnct else 
•elected by step 10 

^available 

lb/ft 2 

97.11 

95.7b 

93-67 

90.97 

-&T .66 

97-11 

95.7b 

93- *7 

90.97 

87.66 

97.11 

95.7b 

93.67 

90.97 

87.66 

(32) 

Total pressure at ahroud 
entrance 

(12) ♦ (31) 

*1 

lb/ft 2 

725.21 

723 . a* 

721-77 

719.07 

715.76 

725-21 

723 . 8 b 

721.77 

719.07 

715.76 

725-21 

723.8b 

721.77 

719-07 

715-76 

(33) 

(‘.'-S') 

( 28)2 . ( 5,2 



0.1299 

O .1806 



0.23b9 



(3 b) 

1-38 

i. 38 Vx( 29 )x( 3 C»^ ! /[( 32 )x (33)] 



0.1523 

0-3053 

0.b59b 

0.6151 


0.1095 

02195 

0.3303 

0 .bb 23 

0-5577 

0 . 08 U 2 

0.1688 

0 . 25 b 0 

0 . 3 bOl 

0.b273 

[(*•' - s') x *al 


(35) 

(«.i - 

( 3 b) and figure 16 



0.01652 

0.0705 

0 .l 8 b 0 

— 

— 

0.0086 

0.0350 

O .0839 

O.I 670 

0.33b5 

0.0050 

0 . 020 b 

O.Ob73 

0.0890 

0.1525 

(36) 

Coollng-alr static pressure 
at ahroud entrance 

(32) [l - (35)] 

Pai 

lb/ft 2 

713.1 

672.6 

588.6 

— 

— 

718.9 

698.3 

660.8 

598.3 

V75-6 

721.5 

708.8 

687.2 

65 b. b 

605.7 

lb 

(37) 

Coollng-alr teaperature at 
ahroud entrance 

(30)[(36)/(32 )]°‘ 286 - V 60 

t( »l 

°r 

-32 4* 

-39-3 

-5b .7 

— 



-31-5 

-3b. 7 

-bl.O 

-523 

-77-6 

- 31.0 

-32-9 

-36.3 

-bl-7 

-51.0 

Upstream exhauaV-plpe temperature 

05 

(38) 

u 0.8 

e 

( 3 ) and table 5 



3.531 

3.531 

3.531 

(39) 

btl 

( 5 ) and table 5 



0 . 2 b 56 

0 . 2 b 56 

0 . 2 b 56 

(»> 0 ) 

k<«*.) 0 - k /«. 0 ' 8 ] 

(b) and figure lb 



0.758 

0.758 

0.758 

(VI) 

Heat-tranafer coefficient 
on rfas side 

0.001735 x ( 38 ) x (bO)/(39) 

h a 

Btu 

(~c)(ft 2 )(<*) 

0.01891 

0.01891 

0.01891 

(V 2 ) 

Factor depending an ratio 
of pipe disasters 

( 28 ) /( 5 ) and figure 15 

i 


1.088 

l.Ub 

1.138 

(V3) 

»a °- 2 

( 37 ) figure 13 



0.0503 

0.0502 

0.0b99 

— 

— 

0 . 050 b 

0.0503 

0.0502 

O.Ob 99 

O.ObQb 

0 . 050 b 

0.0503 

0.0502 

0.0501 

0.0500 

(*M 

W °* 8 

"a 

( 29 ) and table 5 



0.57b 

1.000 

1.383 

— 

— 

0.57b 

1.000 

1.383 

1.7bl 

2.081 

0.77b 

1.000 

1.383 

1.7bl 

2.081 

(V5) 

(*• ♦ S) 0 ' 8 

[( 28 ) ♦ ( 5 )] and table 5 



1033 

1.0663 




1099 



(b 6 ) 

(S-S) 

(28) - (5) 



0.1250 

0.1667 

0.2007 

(V7) 

Heat-transfer coefficient 
on air side 

0.01528 x (b2) x (b3) X (bb) 

h . 

Btu 

0 00 3 

0 . 006 U 8 

0.00889 



0.00277 

O.OOb 82 

O.OO 665 

0.00832 

0 . 0098 b 

o.ooei9 

O.OO 38 I 

0.00526 

0-00662 

0.00786 

(V 5 ) x (b 6 ) 

(a.c)(ft 2 )(°r) 





(V 8 ) 

Ve^Va, 

(b) x (bl) ♦ ( 37 ) x (b7) 



33-92 

33-8H 

33-55 

— 

— 

33-95 

33 . ®7 

33-76 

33-60 

33.27 

33-97 

33-91 

33.8b 

33.76 

33-59 


(V9) 

h . ♦ h a 

(bl) ♦ (b7) 



0 . 0226 b 

0.025b 

0.0278 

— 

— 

0.0217 

0.0237 

0.0256 

0.0272 

0.0288 

D .02110 

0.0227 

0 . 02 U 2 

0.0255 

0.0268 


(50) 

Upstreaa exhaust -pipe 
temperature 

(b8)/(b9) 

Si 

°F 

lb 98 

1332 

1206 

— 

— 

1566 

lb27 

1321 

123b 

1155 

l 6 lO 

lb93 

lbOO 

1322 

1253 


bitmmm are carried In parentheeee to Indicate rov uaod In calculation* . 
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TABLE 3 - Continued 


CAIOTUnOW FORM TOR 8HRCXJD DK3I01I - PARALLEL TUN - Continued 


st«i 

1 Item 1 l Quantity 

Source 

Symbol 

Units 







1 | | 




Deei^i variables 




1 1 1 

11 

( 27 ) 

Length of ahroud esgeeot 

Assumed 

l 

ft 

18 

18 

12 

(28) 

ShroudL disaster 

Aaaunad 

As 

ft 

0.710 

0.752 

9 

( 29 ) 

Cooling-air-floe rate 

Assumed 

v a 

lb/sec 

0.50 

1.00 

I 1.50 

2.00 

I 2.50 

0.50 

1.00 


2.00 

?.V) 




Coollng-alr conditions at ahroud entrance 



( 30 ) 

free-stream stagnation 
temperature 

( 13 ) ♦ 0.0000832(6)* 

T °t 

°T abs. 

b 29.6 

b 29.6 


( 31 ) 

Pressure drop aTallabls 
at shroud entrance 

(29) and curre at ^HaTailable 
far Inlet duct size 
selected by step 10 

,/5B m rallabls 

lb/ft* 

97.11 

95.7b 

93-67 

90.97 

87.66 

97 -H 

95.7b 

93.67 

90. S 7 

87.66 


( 32 ) 

Total pressure at ahroud 
•n trance 

(12) ♦ (31) 

“to 

lb/ft 2 

725.21 

723. & 

721-77 

71907 

715.76 

725.21 

723.8b 

721.77 

719.07 

715.76 

13 

( 33 ) 


(28)2 - (5)* 



0.29b! 



0.355: 

5 


( 3 *) 


1.38*x (29) x (jO^/jGZ) x (33)] 



0.0673 

0.13tol 

0.2029 

0.2716 

0.3b 12 

0.05570 

0.1115 

0.1678 

0.22 b7 

0.2823 


( 35 ) 

(<»1 - **)/«.! 

(3*) and figure 16 



0.00318 

0.01290 

0.0298 

0.05bb 

O.0896 

0.0022 

0.0088 

0.0200 

0.0366 

0.059b 


( 36 ) 

Coollng-alr static pressure 
at ahroud an trance 

( 32 )[l - ( 35 )] 

P «1 

lb/ft 2 

722.8 

71 b . 3 

699.8 

679 2 

650.7 

723.5 

717.2 

706.9 

692.0 

672.2 

11 

( 37 ) 

Coollng-alr temperature at 
ahroud entrance 

( 3 O)[( 36 )/( 32 )] 0 - 206 - too 


°r 

-30.8 

-32.0 

- 3 b. 1 

- 37-2 

-to. 8 

- 30-7 

-31.5 

- 32-9 

- 35-0 

- 37-9 




Opetreaa exhaust— pipe temperature 









( 38 ) 

V 0-8 

"e 

( 3 ) and table 5 



3.531 

3.531 


( 39 ) 

S 1 ' 8 

( 5 ) and table 5 



0 . 2 fc 56 

0 . 2 b 56 


(to) 


(to and figure 1* 



0.758 

0.758 


(to) 

Heat -transfer coefficient 

0.001735 x (38) x (to)/( 39 ) 


Btu 












on 0ui aids 

h . 

(sec)(ft 2 )(°T) 



O.01891 




0.01891 



(to) 

factor depending an ratio 
of pipe disaster* 

(28) /(J) and flgare 1$ 

4 


1.161 

1.18b 

15 

(* 3 ) 

^0.2 

( 37 ) and figure 13 



0.050b 

0.0503 

0.0503 

0.0502 

0.0501 

0.050b 

0.050b 

0.0503 

0.0503 

0.0502 


(*to 

^0.8 

(29) and table 5 



0 . 57 b 

1.000 

1.383 

l-7bl 

2. 081 

0 . 57 b 

1.000 

1.383 

1 . 7 bl 

2.081 


(* 5 ) 

DO 

o 

> 

♦ 

[(28) ♦ (5)] and table 5 



1.133 



1.167 




(to) 

(*»'S) 

( 28 ) - ( 5 ) 



0.2517 

0.2937 


(to) 

Heat -transfer coefficient 

0.01528 x (b 2 ) x (to) X (to) 


Btu 












on air aide 

(to) x (to) 

h a 

(**c)(ft 2 )(°f) 

0.00100 

0.00313 

0 . OOb 33 

0.005bb 

0.00650 

0.00153 

>.002 66 

O.OO367 

O.OOU 62 

0.00552 


(to) 


(to X (to) ♦ (37) X (*7) 



33.98 

33 . 9 b 

33 89 

33 . 8 b 

33.76 

33-99 

33.95 

33 - 9 e 

33-88 

33-83 


(to) 

♦ ‘‘a 

(to) ♦ (to) 



0.02071 

0.0220b 

0.0232b 

0.02b35 

0.025bl 

o.oeobb 

>•<*157 

5.02258 

>.02353 

0.02bb3 


( 50 ) 

Upstream exhaast-plpe 

(to) /(to) 

Si 

°r 

i£to 

15b0 

U58 

1390 

1329 

1663 

157 * 

1502 

lbbo 

13 to 


*Tt*ns are carried In paren t heses to 1*41 cat* roe ue*d in caleulaticns . 
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03 


CALCDLATIOT FORM FOR SHROUD DSSE2I - PARALLEL PLOW - Continued 


Step 

Its. 1 

Quantity 

Source 

Symbol 

Units 



















Dcwnstreaa exhaust^-gaa temperature 




8 

(51) 

Kalsairity of exhaust 
pipe 

(8) flood literature 

‘P 


0.70 

0.70 

0.70 

16 

(5B) 

(S " S.) 

(50) - (37) 



1530 

1371 

1261 



1593 

1*62 

1363 

1286 

1233 

16*0 

1526 

1*37 

136* 

130* 

(53) 

(V/“°)‘ 

{[(50) ♦ *6o]/lOo]> 



1*6,980 

102,660 

77,0*0 

— 

— 

168, *70 

126, &T0 

100,570 

82,5*0 

68,030 

103,590 

1*5, 3*0 

119,710 

101,290 

86,100 

(54) 

(*• i/ 100 )" 

{[(37) ♦ *6o]/loo}* 



33* 

312 

263 

— 

— 

337 

327 

305 

276 

21* 

339 

332 

321 

306 

26* 

(55) 

Radiant heat -transfer 
coefficient 

0 .0000*8 x (51) X [(53) - (5*)]/(52) 

*r 

Btu 

0.00322 

0.00251 

0.0020* 



0.0035*0 

0.002908 

0.002*7 

0.0021?r 

O.OOI856 

0.00375 

0.00319 

0.00279 

0.002*9* 

0.002211 




(56) 

/ 1 + M 

1 , l__ 



196.9 

l6*.2 

1**.* 



211-5 

182.3 

162.5 

1*8.3 

138.* 

221.0 

195.6 

177.0 

162.6 

152.2 

*•/ 

(^7) ♦ (55) (*1) 



(*) 

■V/(V.) 

10.*7 x (5) x (87)/(3) 



17.86 

17.86 

17.86 


(5«) 

V*/V. 

1-25 x (3)/(*9) 

Z 


12.10 

6.05 

*•033 


— 

12.10 

6.05 

*•033 

3.025 

2. *2 

12.1 

6.05 

*•033 

3-025 

2. *2 

(59) 

CD 

(57) [l ♦ (58)] /(56) 



I.I890 

0.7671 

0.6225 



1.106* 

0.6906 

0-5531 

0.*&53 

0^**13 

1.0586 

0.6*38 

0.5078 

0 .**27 

0 .*012 

(60) 

«p 

.(59) 



3.2838 

2.1535 

1.8636 

— 

— 

3.02* 

1.995 

1-739 

1.625 

1-555 

2.8& 

I.90* 

1.662 

1.557 

l.*9* 

(6l) 

*1 - V 1 

(*) - (37) 



1833 

18*0 

1&T7 

— 

— 

1832 

1035 

10k2 

1852 

l8f8 

1831 

1833 

1837 

18*2 

l$7 

(62) 

n - 

(61)/(60) 



558 

85k 

997 



606 

920 

1061 

11*0 

1208 

635 

963 

1105 

1183 

12*3 

(63) 

*Vi ♦ S 

(*) x (5 8) ♦ (37) 



21,750 

10,050 

7220 



21,7*8 

10,855 

7217 

5*02 

*278 

21,750 

10,857 

7223 

5*12 

*299 

(6*) 

Donna trean exhaust-^* 
toqparatare 

[(62) <• (63)]/[l> (58)] 

Si 

°r 

1703 

1660 

1629 

— 

— 

1706 

1670 

16*5 

1623 

160* 

1709 

1677 

1655 

1636 

1621 




Downstream cool Inp air temperature 




17 

(65) 

Doans trrxa cooling-air 
t«nq>arat«ra 

(58) [(it) - (6*)> (37) 

s 


Ukl 

807 

632 



1106 

752 

583 

*8* 

379 

1070 

711 

5*8 

*55 

397 




Downstreaa exhaust-pipe temperature 




18 

(66) 

V«* ♦ “.Vs 

(ki) x (6k) ♦ (*7) x (65) 



36.^5 

36.62 

36. *2 

— 

— 

35.32 

35-20 

3**99 

3*. 72 

3* .2* 

3**67 

3*. *2 

3*. 18 

33-95 

33.61 

(67) 

Doans trean exhaust-pipe 
tcoperatara 

(66)/(* 9 ) 

s 

°p 

1610 

1**2 

1310 

— 

— 

1629 

1*83 

1369 

1275 

1191 

16*3 

1515 

1*1* 

1330 

1256 


^Itmm are carried in parentheees to indicate rov need In calculations . 
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CALCUIATIO® FORM FOR SHROUD DKSIDS - PARALLEL FLOW - Continued 


Stop 

Item 1 

Quantity 

Soar co 

Symbol 

Unite 





r 

c 


1 






Downstream exhaust-gae taixperature 



1 



8 

(51) 

Ealaaivlty of oxhaMt 
Pip® 

(8) and literature 

4 P 


0.70 

0.70 

16 

(5B) 

(v ■ s.) 

(50) - (37) 



1672 

1572 

1492 

1427 

1371 

1694 

1606 

1535 

1475 

lliOO 

(53) 

(■ Hi™? 

{[(50) + 46o]/ioo}* 



194, ^0 

160,000 

135,330 

117,130 

102,430 

203,140 

171,160 

148, 180 

130,320 

115,870 

(54) 

(*»l "») k 

{[(37) + 46o]/loo}* 



339 

336 

329 

319 

304 

3*0 

337 

333 

327 

317 

(55) 

Radiant beat -transfer 
coofficiont 

o.ooook8x(5l)x [(53) - (5*»)] /(52) 

>r 

Btu 

(»»c)(ft g )(9r) , 

0.00391 

0.00341 

0.00304 

0.00275 

0.00250 

0.00402 

0.00357 

0.00324 

0.00296 

0.00273 

(56) 

( 1 *±\ 
W + h r V 

1 1 
(*7) ♦ (55) + (41) 



228.0 

205.7 

188.6 

175-0 

164.0 

233.0 

213.3 

197-7 

184.8 

174.0 

(yr) 

■V/lV.) 

10-47 x (5) x (27)/(3) 



17.86 





17.86 



(58) 


1-25 x (3)/(29) 

z 


12.1 

6.05 

4.033 

3.025 

2.42 

12.1 

6.05 

4-033 

3.025 

2.42 

(59) 

at 

(57) [l ♦ (5®)]/(56) 



1.0260 

0.6121 

0.4764 

0.4109 

0.3726 

1.0043 

0.5903 

0.4545 



(6o) 

<P> 

*(59) 



2-790 

1.8*4 

1.610 

1.508 

1.452 

2.730 

1.805 

1576 

1.476 

0.3510 

1.421 

(6l) 

t ®l " **1 

(4) - (37) 



I831 

1832 

1834 

1037 

1842 

1831 

1832 

1833 

1835 

1838 

(62) 

(*•1 " ^l)/^ 

(6l)/(6o) 



656 

993 

1139 

1218 

1269 

671 

1015 

1164 

1244 

1293 

(63) 

zt O! ♦ t ttl 

ft) x (58) ♦ (37) 



21,750 

10,858 

7220 

5*08 

4314 

21,750 

10,858 

7221 

5412 

4318 

•(ft) 

Dovnatraaa exhauat-gaa 
teaqparature 

[(68 ) * <63)]/[i ♦ ( 58)] 

s 

°r 

1710 

1681 

1662 

1646 

1632 

1711 

1684. 

1#7 

1654 

1641 




Downstream cooling-air tar-para tore 








17 

'(65) 

Dovnatroan cooling - air 

tea^eratur© 

(58) [(6) - <*)]♦ (37) 

*■2 

°r 

1058 

688 

522 

428 

364 

1046 

670 

503 

407 

3*5 




Downstream exhaust-plpo temperature 








18 

(66) 

h o t «2 + 

(41) x (64) ♦ (47) X (65) 



3* .2* 

33-9* 

33.69 

33- *6 

33-23 

33.96 

33.62 

33.37 

33-16 

32.92 

(67) 

Dowatroan exhaust -pipe 
temperature 

(66)/(k 9) 

*P2 

°r 

1653 

15*> 

1*50 

137* 

1308 

1661 

1559 

1478 

1409 

1345 


^tcro *re carried In peranthMaa to indicate ror Mod In calculations . 
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TABLE 3 - Concluded 

CALCULAT3DH FORM FOR SHROUD DESICST - PARALLEL FLOW - Concluded 


Step 

I tail 1 

Quantity 

Source 

Symbol 

Units 






Cooling-air preeaure drop in shroud 

19 

(68) 

Shroud diameter 

| Selected from critical tampers - 
Jture plots such that no limiting 
1 temperature is exceeded, as per 
l instructions in step 19 

4 . 

ft 



0.667 

0.710 

0-752 

(69) 

Cooling-air-f lov rate 

"a 

lb /sec 



1.62 

1.94 

2.37 

20 

(70) 

Upstream cooling-air static pressure 

(68), (69) and curves 
plotted against 
"a 

J 

P *1 

lb/ft 2 



678 

680 

680 

(71) 

Upstream cooling-air temperature 

Vl 

°F 



-38 

-37 

-36.5 

(72) 

Downstream cooling-air temperature 


°F 



520 

440 

368 

(73) 

Downstream cooling-air static pressure 

- P 0 - <“> 

Pag 

lb /ft 2 

628.1 

( 7>0 

Upstream cooling -air density 

0.000583 X (70)/ [(71) + Wo] 

p ai 

slugs /f t^ 



0.000937 

0.000937 

0.000936 

(75) 

Downstream cooling-air density 

0.000583 x ( 73 )/ [(72) ♦ Wo] 

P «2 

slugs /ft ^ 



0.000374 

0.000407 

0.000442 

(76) 

(-S) 

1 . [(7MA75)] 





3-507 

3.303 

3117 

(77) 

V I- 8 
a 

( 69 ) and table 5 



— 

— 

2.383 

3.298 

4.72 

(78) 

K-s) 1 - 8 

[(68) + (5)] and table 5 





1-237 

1-323 

1.411 

(79) 

( 4 . - s) 3 

[(681 - (5)] 3 





0.00909 

0.0160 

0.0253 

(80) 

^0.2 

(71) and figure 13 





0.0502 

0.0502 

0.0503 

(8l) 

Friction pressure drop referred 
to standard density 

0-0&T9 x (27) x (76) x (77) x (80) 

* ai APf 

lb/ft 2 



59.07 

40-97 

33.10 

(78) x (79) 



(a?) 

Pai 

2 — - 1 
Pag 

[2 x (7U)/(75)] - 1 





4.015 

3.606 

3.233 

(83) 

V. 2 

(69)* 





2.624 

3-764 

5.617 

(a) 

(0. * S) 2 

[(68) . ( 5 )] 2 





1.266 

1.365 

1.465 

(85) 


[(68) - (5)] 2 





0.0436 

0.0634 

00863 

(86) 

Heating and exiting pressure drop 
referred to standard density 

0.3281. x (*) x (83)/ [(86) x (85)] 

o a i(dH h + 

lb/ft 2 



62.68 

51.50 

47.20 

(8 7 ) 

Total pressure drop referred 
to standard density 

(81) ♦ (86) 

Oai^H 

lb/ft 2 



121-75 

92-47 

80.3 

(88) 

Cooling-air pressure drop in shroud 

0.002378 x (&T)/(74) 

m 

lb/ft 2 



309-0 

234.7 

207-1 


''items are carried in parenthesea to indicate rov ueed in calculation*. 
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TABLE 4 

CALCULATION FORM FOR SHROUD DESIQl - COUNTERFLOW 


Step 

Item* 

Quantity 

Source 

Symbol 

Units 


Factors for design 



(1) 

Brake horsepower 

Manufacturer 

bhp 

hp 


(2) 

Fuel-air ratio 

Manufacturer 

f 


1 

(3) 

Exhauat-gaa-flov rate throu^i engine 

Manufacturer 'a data or equation (47) 


lb/sec 

2 

(4) 

Exhaust -gas temperature at shroud 

entrance 

Manufacturer’s data and equation (48) 
or analytical method 


°r 

3 

(5) 

Exhaust -pipe diameter (outer) 

Manufacturer 


ft 

4 

(6) 

Velocity of airplane 

Performance data 

V o 

ft/ssc 

(7) 

Altitude 

Performance data 


ft 


(8) 

Exhaust -pipe material 

Manufacturer 



5 

(9) 

Design exhaust-gas temperature 

Manufacturer 

t «2 

°F 

6 

(10) 

Design exhaust -pipe temperature 

Manufacturer 

V 

°F 

7 

(11) 

Design shroud temperature 

Manufacturer 

‘•i 

°r 

Pressure drop available at shroud entrance 


(12) 

Free -stream static pressure 

(7) and reference 8 

*o 

lb/ft 2 


(13) 

Free -stream temperature 

(7) and reference 8 

T o 

°F abs 

4 

m 

Free -stream density 

(7) and reference 8 

p o 

s lugs /ft ^ 


(15) 

Free -stream dynamic pressure 

(14) x (6) 2 x T C J2 

S> 

lb/ft 2 

9 

(16) 

Cooling-alr-flov rats 

Assumed (approximately l/8 
to 1/2 of (3)) 

w a 

lb/esc 


(17) 

Cross -sectional area of Inlet -duct 
straight section 

Area of straight section 
of assumed Inlet duct 

A i 

ft 2 


(18) 

Length of inlet duct straight section 

Length of straight section 
of assumed Inlet duct 

H 

ft 


(19) 

Hydraulic diameter of Inlet duct 
str&lgit section 

4 x (17) /Perimeter .of inlet 
duct stral^it section 

D i 

ft 


(20) 

Dynamic pressure In straight section 

0.00048 x [(i6)/(i7)] a /(i*> 

*i 

lb/ft 2 


(21) 


[(13) " 460 ] and figure 19 


slugs 



(sec)(ft) 

10 

(22) 

*1 

0.031 x (16) X (19)/[(17) x (21)] 

*1 



(23) 

Friction factor 

(22) and reference 9 

f i 



(24) 

Friction pressure loss In straight- 
section Inlet duct 

4 x (18) x (20) x (23)/(19) 


lb/ft 2 


Where the Inlet duct' contains more than one straight section, the calculations of ltea 
are repeated to determine the pressure loss In each straight section. If the Intel 
bends and/or diffusers, supplementary calculation forms vill be needed to calculate 
losses In each bend and/or diffuser as given by the equation and method of step 1C 
single -segnent design procedure. 

is (16) to (24) 
ce duct contains 
the pressure 
) of the 


(25) 

Total pressure drop in Inlet duct 

\ V" Bend and 

0.05 (15) ♦ / (24) ♦ ; diffuser 
Z L losses 

- 

o-2 

lb/ft 2 


(26) 

Pressure drop available at shroud 
entrance 

(15) - (25) 

^available 

lb/ft 2 


^Iteme are carried In parentheses to Indicate rov used in calculations . 
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IABIZ 4 - Continued 

CALCULATION FORM FOB SR ODD DESIGN - COOTEKRFLCW - Continued 


Step 

Item 1 

Quantity 

Source 

Symbol 

Units 


Design variables 

11 

(27) 

Length of shroud segpunt 

Assumed 

l 

ft 

12 

( 28 ) 

Shroud diameter 

Assumed 

*s 

ft 

9 

(29) 

Cooling-air-flow rate 

Assumed 

V a 

lb/sec 


Cooling-air conditions at shroud entrance 


(30) 

Free -stream stagnation temperature 

( 13 ) ♦ 0.0000832 ( 6) 2 


°F abs 


(3D 

Pressure drop available at shroud entrance 

( 29 ) and curve of dH av>lla ble far lni#t 
duct selected by step ( 10 ) 

^available 

lb /ft 2 


(32) 

Total pressure at shroud entrance 

(12) ♦ (31) 

H ®2 

lb/ft 2 

13 

(33) 

,, 2.2 

-s 

(28)* - (5)2 




(34) 

“ a p S ) x H a 2 J 

1.384 X ( 29 ) x (SO) 1 / 6 /^) x ( 33 )] 




(35) 

(""2 ‘ P «a)/V 

(34) and figure 1 6 




(36) 

Cooling- air static pressure at shroud entrance 

(32) [l - (35)] 

P ®2 

lb/ft 2 

1A 

(37) 

Coollng-alr temperature at shroud entrance 

(30)[(36)/(32)] 0,286 - 460 

s 

°r 

Downstream ©mhauat-gas temperature 


(38) 

v 0.8 

e 

(3) and table 5 




(39) 

< 

OD 

(5) and table 5 




(4o) 


(4) and figure 14 




(kl) 

Heat-transfer coefficient on eP* side 

0.001735 x ( 38 ) x (40)/(39) 


Btu 


h e 

(sec)(ft 2 )(9f) 


(*) 

Factor depending an ratio of pipe diameters 

( 28 )/( 5 ) and figure 15 

* 



(43) 

“a 0 ' 2 

(37) and figure 13 




(44) 

v 0.8 

"a 

( 29 ) and table 5 



15 

(45) 

(*. * s) 0 - 8 

[( 28 ) ♦ ( 5 )] and table 5 




(46) 

( 4 . - s) 

( 28 ) - ( 5 ) 




(47) 


0.01528 X (42) x ( 43 ) X (44) 


Btu 


Heat -transfer coefficient on air side 

(45) x (46) 

h a 

( sec)( ft 2 )(<*) 


(W) 

V.1 ♦ Vaa 

(4) x (41) ♦ ( 37 ) x (47) 




(49) 

h e **a 

(41) ♦ (47) 




(50) 

Downstream exhaust-pipe temperature 

m/m 

S 

°F 

8 

(5D 

Baiesivity of exhaust pipe 

(8) and literature 

e P 



(52) 

(S ' S) 

( 50 ) - ( 37 ) 



15 

(53) 

(V 100 ) 4 

{[( 50 ) ♦ 46o]/looJ* 




(54) 

(T^/lOof 

{[(37) ♦ 46o]/lXX)j U 




hum* are carried In parentheses to Indicate rov used In calculations . 
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TABLE 4 - Concluded 


CALCULATION FCRM FOE ®ROUD DKSIDH - COUITZfiTLCW - Concluded 


Step 

Item 1 

Quantity 

Source 

Symbol 

Volta 

Downstream exhaust— gas temperature 

15 

(55) 

Radiant heat-transfer coefficient 

0.0000h8 x (51) x [(53) - (5*)]/(52) 


Btu 

(sec)f tt?)(°T) 

(56) 

k.VO 

1 1 
(k7) ♦ (55) + (41) 



(57) 

*V/(V-) 

10.47 x *5) x (27)/(3) 



(58) 

V'./Cw.) 

1.25 x (3)/(29) 

Z 


(59) 

♦ 

(57)[l * (58)]/(56) 



(60) 

a* 

*(59) 



(61) 

^,(1 - •») 

(37) [l - (60)] 



(62) 

t ei (l - z) 

00 [1 - (58)] 



(63) 

z - 

(58) - (60) 



(64) 

Downstream exhaust -^s temperature 

[(61) - (6B)]/(63) 


°T 

Downstream cooling-air temperature 

16 

(65) 

Downstream cooling-air temperature 

(58) [(4) - (64)] ♦ (37) 

*•1 

°r 

Upstream exhaust— pipe temperature 

17 

(66) 

h e t e 1 ♦ 

(4) x (41) ♦ (47) x (65) 



(67) 

Upstream exhaust-pipe temperature 

(66)/(49) 

**1 

°T 

Cooling-air pressure drop in shroud 

l8 

(68) 

Shroud diameter 


Selected fraa critical te^srature plots 
> such that no limiting teaperature is 
exceeded, as per Instructions in step l8 


ft 

(69) 

Cooling-air -flow rate 

V . 

lb/seo 

19 

(70) 

Upstream cooling-air static pressure 


frem (68), (69), end 

curves plotted agalmst 

I 

P «2 

lb/ft 2 

(71) 


S> 

°F 

(72) 

Downstream cooling-air t my nature 


°r 

(73) 

Downstream cooling-air statle pressure 

Pa x - P 0 " (“> 

P H 

ib/ft 8 

(7k) 

Upstream 000 ling-air density 

0.000583 x (70)/ [(71) ♦ 46o] 

P «2 

Slugi/ft^ 

(75) 

Downstream cooling-air density 

O.OOO583 x (73)/ [(72) ♦ 46o] 

P *1 

siuga/rt 3 

(76) 

1.^ 

1*1 

1 ♦ (7M/(75) 



(77) 

w.i* 8 

(69) nd tahls 5 



(78) 

(*. * S) 1 - 8 

[(68) ♦ (5)] and table 5 



(79) 

(s-s ) 3 

l<«) - <5)]J 



( 60 ) 

«.°- e 

(71) end figure 13 



(81) 

Friction pressure drop referred to 
etandard density 

0.0879 x (27) x (76) x (77) x (80) 
(78) x (79) 


ib/ft 8 


(62) 

Pao 

2 -2 - l 

**1 

[* x (7*)/(75)] - 1 



(83) 

». 2 

(69) 2 



(84) 

(*. ♦ s)* 

[(68) ♦ (5)] 8 



(85) 

(*• ■ s) a 

[(68) - (5)] 8 



(86) 

Heating and exiting pressure drop 
referred to standard density 

0.3284 x (82) x (03)/[(O4) x (85)] 

%(*h ♦ «.) 

ib/ft 8 


(»T) 

Total pressure drop referred to 
standard density 

(81) ♦ (86) 

ffa 2 

ib/ft* 


(88) 

Cooling-air pressure drop in shroud 

0.002378 (8t)/(74) 

OR 

ib/ft 8 


^teae ere carried in parentheses to Indicate row used In caloulatlona . 
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TABLE 5 


V ALOES OF N RAISED TO THE 0.8 AND 1.8 POWERS 


N 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

CD 

0.2 

0.2759 

0.2869 

0.2978 

0.3086 

0.3193 

0.3299 

0.3404 

0.3508 

0.3612 

0.3715 

•3 

•3017 

•3918 

.4019 

.4119 

.4219 

.4318 

.4416 

.4514 

.4611 

.4708 

.1+ 

.4804 

.4900 

.4996 

.5091 

.5185 

.5279 

.5373 

.5466 

•5559 

.5651 

•5 

•5743 

•5835 

.5927 

.6018 

.6108 

.6199 

.6289 

.6378 

.6468 

.6557 

.6 

.6645 

•673^ 

.6822 

.6910 

.6998 

.7085 

.7172 

•7259 

•7345 

.7432 

•7 

•7510 

.7603 

.7689 

• 7774 

.7859 

.7944 

.8029 

.8113 

•8197 

.8281 

.8 

.0365 

.8449 

.8532 

.8615 

.8696 

.8781 

.8863 

.8946 

•9028 

.9110 

.9 

.9192 

.9273 

.9355 

.9436 

.9517 

.9596 

.9679 

•9759 

.9040 

.9920 

1.0 

1.000 

1.000 

1.016 

1.024 

I.032 

1.040 

1.048 

1.056 

1.064 

1.071 

1.1 

1.079 

1.087 

1.095 

1.103 

l.lll 

1.118 

1.126 

1.134 

1.142 

1.149 

1.2 

1.157 

1.165 

1.172 

1.180 

1.188 

1-195 

1.203 

1.211 

1.218 

1.226 

1.3 

1.23* 

1.241 

1.249 

1.256 

1.264 

1.271 

1.279 

1.286 

I.294 

1.301 

1.4 

1.309 

1.316 

1.324 

1.331 

1.339 

1.346 

1.354 

1.361 

1.368 

1.376 

1.5 

1.303 

1.391 

1.390 

1.405 

1.413 

1.420 

1.427 

1.435 

1.442 

1.449 

1.6 

1.456 

1.464 

1.471 

1.478 

1.486 

1.493 

I.500 

1.507 

1.514 

1.522 

2.0 

1.741 

1.810 

1.879 

1.947 

2.015 

2.081 

2.148 

2.214 

2.279 

2.344 

3.0 

2 .1*00 

2.472 

2.536 

2.599 

2.662 

2.724 

2.786 

2.848 

2.910 

2.971 

4.0 

3.031 

3-092 

3.151 

3.212 

3.272 

3.331 

3-390 

3-449 

3.508 

3.566 

5-0 

3-624 

3.682 

3.739 

3-797 

3-854 

3.911 

3.968 

4.024 

4.081 

4.137 

6.0 

4.193 

4.249 

4.304 

4.360 

4.415 

4.470 

4.525 

4.580 

4.635 

4.690 

7.0 

4*743 

4.797 

4.851 

4.905 

4.959 

5.012 

5.066 

5*119 

5-172 

5.225 

8.0 

5-278 

5-331 

5.383 

5.436 

5.488 

5-540 

5.592 

5.644 

5-696 

5-748 

9.0 

5.800 

5.851 

5-902 

5-954 

6.005 

6.056 

6.107 

6.158 

6.208 

6.259 

10.0 

6.310 

6.360 

6.410 

6.461 

6.511 

6.561 

6.611 

6.660 

6.710 

6.760 

N 1 * 8 

0.2 

0.05519 

0.06026 

0.06552 

0.07096 

0.07663 

0.08247 

0.08850 

0.09472 

0.1011 

0.1077 

•3 

.1145 

.1215 

.1286 

•1359 

.1434 

.1511 

.1590 

.1670 

•1752 

.1836 

.4 

.1922 

.2009 

.2090 

.2189 

.2281 

.2376 

.2472 

.2569 

.2668 

• 2769 

•5 

* .2872 

.2976 

.3082 

.3189 

.3299 

• 3409 

.3522 

• 3636 

•3751 

.3868 

.6 

•3907 

.4108 

.4230 

•4353 

.4478 

.4605 

.4733 

.4863 

.4995 

•5128 

•7 

•5262 

•5398 

•5535 

.5675 

.5816 

•5958 

.6102 

.6247 

.6394 

.6542 

.8 

.6692 

.6843 

■6996 

•7151 

.7306 

•7464 

.7622 

.7783 

.7945 

.8108 

.9 

.8272 

.8439 

.8606 

.8775 

.8946 

.9118 

.9292 

.9466 

•9643 

.9821 

1.0 

I.000 

1.018 

1.036 

1-055 

1.073 

1.092 

1.111 

1.130 

1.149 

1.168 

1.1 

1.187 

1.207 

1.226 

1.246 

1.266 

1.286 

1.306 

1.327 

1.347 

1.368 

1.2 

1.300 

1.410 

1.430 

1.452 

1.473 

1.494 

1.516 

1.538 

1-559 

1.581 

1.3 

1.6o4 

1.626 

1.648 

1.671 

1.694 

1.716 

1-739 

1.762 

1.786 

1.809 

1.4 

1.032 

1.856 

1.880 

1.904 

1.928 

1.952 

1.976 

2.001 

2.025 

2.050 

1.5 

2.075 

2.100 

2.125 

2.150 

2.175 

2.201 

2.227 

2.252 

2.278 

2.304 

1.6 

2.330 

2.357 

2.383 

2.410 

2.436 

2.463 

2.490 

2-517 

2.544 

2.572 

2.0 

3.482 

3.802 

4.134 

4.478 

4.835 

5-204 

5.584 

5.977 

6.381 

6.797 

3-0 

7.225 

7.664 

8.115 

8.577 

9.050 

9.535 

10 .031 

10.538 

11.056 

U.586 

4.0 

12.126 

12.677 

13.239 

13.812 

14.395 

14.909 

15.594 

16.210 

16.836 

17.472 

5-0 

18.119 

18.777 

19.445 

20.123 

20.812 

21.511 

22.220 

22 .939 

23 .669 

24.400 

6.0 

25.150 

€5-918 

26.687 

27 .467 

28.257 

29.057 

29.866 

30.686 

31.515 

32.354 

7-0 

33-203 

34.062 

34.930 

35-808 

36.696 

37.594 

38.5OO 

39.417 

40-344 

41.279 

8.0 

42.224 

43.179 

44.143 

45.117 

46.100 

47.093 

48.095 

49.106 

50.126 

51.157 

9.0 

52.196 

53.244 

54.302 

55-359 

56.446 

57-531 

58.626 

59.730 

60.842 

61.965 

10.0 

63.096 

64.236 

65.386 

66.554 

67.711 

68.888 

70.073 

71.267 

72.471 

73.683 


NATIO NAL ADVISORY 
COMMITTEE FOR AERONAUTICS 


NACA TN No. 1495 


85 


TABLE 6 

VARIATION OF XXHAUBT-QAfl OTHALPT TO 0° ABSOLUTE VTEH KXHAOBT-OAS 

TB4FKRAT0RE, 7UZL-AIR RATIO, AND HTIFOGXH -CARBON RATIO 


t 

t, °r'\ 

0.01 

0.02 

0.03 

0.04 

0.05 

0.06 

0.07 

0.08 

O.09 

0.10 

0.11 

0.12 

(Btu/lb) 

l-o.io 

440 

217.0 

217.6 

210.2 

218.8 

219.4 

220.0 

221.6 

223 .2 

227-2 

231.1 

234.9 

238.7 

288.7 

620 

262.2 

263.2 

264.2 

265.1 

266.1 

267.0 

269.1 

271.1 

275.5 

279-9 

284 *3 

aoo 

300.3 

309.8 

311.2 

312.6 

314.0 

313.4 

317.8 

320.2 

325-1 

330.0 

334.9 

339.8 

900 

355-6 

357.6 

359.5 

361.4 

363.2 

365.0 

367.9 

370.7 

376.0 

381.3 

386.7 

392.1 

n6o 

*03.9 

406.4 

408.8 

411.2 

413.6 

413-9 

418.9 

421.8 

426.1 

433-9 

439.8 

445.7 

13*»0 

453.2 

456.2 

459.2 

1*62.2 

465.1 

467.9 

471.7 

475.4 

401.5 

407-7 

493.9 

500.3 

1520 

503.3 

507.0 

558.4 

510.6 

514.1 

517.6 

521.0 

525.6 

529.5 

535-9 

542.5 

449.2 

556.1 

1700 

554.1 

562.7 

566.8 

570.9 

574.9 

579-7 

5*. 4 

491.2 

598.2 

605.4 

622.7 

1880 

605.2 

610.2 

615.O 

619.9 

624.6 

629.2 

634.5 

639.8 

645.0 

654.4 

662.0 

669.8 

728.4 

2060 

657.7 

663.4 

669.0 

674.5 

679.9 

685.1 

691.0 

696.8 

704.4 

712.2 

720.2 

221*0 

710.4 

716.8 

723.1 

729.3 

735-3 

741.3 

747.7 

754.0 

762.0 

770.2 

778.7 

7&M 






} 

\ 








1*1*0 

217.3 

218.2 

219.1 

220.0 

220.9 

221.7 

224.9 

226.3 

230.6 

2U.9 

239.1 

243 .2 

620 

262.5 

263.9 

263.? 

266.5 

*67.8 

*69.1 

271.9 

274.6 

279*6 

284.4 

289.2 

294.0 

800 

308.0 

310-7 

312.5 

314.3 

316.1 

217.8 

321.1 

324.3 

329-7 

335.2 

340.6 

346.0 

900 

356.1 

358.5 

360.9 

363.3 

365.6 

367.8 

371-6 

375.3 

301.2 

3»7.2 

393-2 

399-2 

1160 

1*04.5 

407.5 

410.5 

413-4 

416.3 

419.1 

423-3 

427-5 

434.0 
40f *9 

440.5 

447.0 

453-6 

131*0 

453.8 

457.5 

461.1 

464.6 

468.1 

471.5 

476.3 

481.0 

494.9 

502.0 

509.1 

15CO 

504.0 

508.3 

512.6 

516.8 

520.9 

525.0 

530.3 

535.5 

543.0 

550.4 

556.1 

565.7 

1700 

1000 

554.9 

560.0 

565.0 

569.9 

574.6 

579.3 

5^5.2 

591.0 

598.9 

606.9 

615.1 

623.3 

606.0 

611.8 

617.6 

623 .2 

628.7 

634.1 

635.0 

646.9 

655.3 

659.1 

672.5 

681.4 

2060 

658.7 

665-3 

671.8 

678.1 

684.4 

690.5 

697.5 

f04.5 

713.4 

722.4 

731.8 

741.0 

800.9 

221*0 

711.4 

718.8 

726.1 

733-2 

740.2 

747.1 

754.7 

762. 3 

771.7 

701.2 

791.0 






] 

i 

1 - 0.14 







1*1*0 

217.6 

210.0 

220.0 

221.2 

222.3 

223.4 

226.4 

229-3 

Ul:t 

238.5 

243.1 

247.6 

600 

262.9 

264.6 

266.3 

267.9 

269.5 

271.1 

272.3 

273.5 

328.3 

286.7 

294.7 

299-3 

800 

309.2 

311.5 

313.7 

315.9 

318.1 

320.2 

324.3 

334. 1 

340.1 

346.1 

352.1 

900 

356.6 

359.5 

362.3 

365.1 

367.9 

370.6 

375-0 

379.7 

386.2 

393-8 

399-5 

406.1 

1160 

405.0 

408.6 

412.1 

415.5 

418.9 

422.2 

427.4 

432.5 

439.5 

446.8 

454.1 

461.5 

131*0 

454.4 

458.7 

462.9 

4$T.O 

471.0 

475.0 

480.7 

486.4 

494.0 

501.9 

409.8 

517.9 

1500 

504.6 

509.7 

514.6 

519.4 

524.2 

528.8 

535-1 

541.4 

549.7 

558.1 

566.7 

575.4 

1700 

1000 

555-7 

561.5 

567.2 

572.8 

578.2 

583.6 

590.6 

597 *5 

606.2 

615.3 

624.6 

633.9 

606.8 

613.5 

620.0 

626.4 

632.6 

688.7 

638.8 

646.4 

654.0 

663.3 

672.9 

682.9 

6$2.9 

2060 

659.6 

667.I 

674.4 

681.6 

695.7 

704.0 

712.2 

722.0 

732.3 

742.8 

753.4 

814.3 

221*0 

732.4 

720.8 

729.0 

737.1 

745.0 

752 ;8 

761.7 

770.6 

781.0 

791.9 

803.O 






1 

( 

| “ 0.16 







1*1*0 

217.9 

219.4 

220.8 

222.3 

223.7 

225.0 

228.6 

232.1 

«37.i 

242.1 

247.0 

251.8 

600 

263.2 

265.3 

267.3 

269.3 

271.2 

273.1 

277.3 

2«1.5 

207.2 

292.9 

345.0 

298.6 

304.2 

000 

309.6 

312.3 

314.9 

317.5 

320.0 

322.5 

fUd 

332- 1 

330.5 

351.5 

357-9 

900 

377.0 

360.4 

363.7 

366.9 

370.1 

373.2 

384.0 

391.2 

398.4 

405.6 

412.8 

1160 

405-5 

409.6 

413.6 

417.5 

421.4 

425.2 

431.3 

437.3 

445.1 

$:°e 

460.9 

468.9 

131*0 

455.0 

459-8 

464.6 

469.3 

473.8 

478.3 

485.0 

491-7 

500.1 

517.4 

526.1 

1500 

505.3 

511.0 

516.5 

522.0 

527.3 

532.6 

540.0 

547.3 

556.4 

565.7 

575-1 

584.6 

1700 

556.4 

562.9 

569.3 

575-6 

581.7 

5®T *8 

595.8 

603.8 

613.6 

623.6 

633-7 

643-9 

1000 

607.6 

615.1 

622.3 

6e9-5 

636.5 

643.4 

652.2 

660.9 

671.3 

66fe.o 

692.8 

703.8 

2060 

660.4 

668.8 

677.0 

605.0 

6se.9 

700.7 

710.2 

719.6 

730.7 

742.0 

753-6 

014.7 

765.3 

2240 

713.4 

722.7 

731-8 

740.8 

749.6 

758.2 

768.3 

778.5 

790.3 

0CC.4 

827.1 






I 

C 

j 1 - 0.18 







1*40 

210.2 

219.9 

221.7 

223.3 

225.0 

226.6 

230.8 

234.9 

284.7 

240.3 

245.5 

250.7 

255.9 

6eo 

263.6 

265.9 

268.3 

270.5 

272.8 

275.0 

279.9 

290.9 

297.0 

303.I 

309.2 

000 

310.0 

313.O 

316.0 

319.0 

321.9 

324.7 

33°-3 

$:! 

342.8 

349. T 

S:°, 

363.6 

419-3 

900 

357.5 

361.3 

82 

368.6 

372.2 

375.7 

428.0 

302.0 

396.0 

403.7 

1160 

406.0 

410.6 

419*5 

C23.8 

435.0 

489.2 

441.9 

450.4 

458.9 

467.6 

476.1 

1340 

455.6 

461.0 

466.3 

471.5 

476.5 

481.6 

496.8 

506.1 

515.4 

524.9 

534.4 

1500 

506.0 

512.2 

510.4 

524.4 

si 

536.2 

544.6 

552.9 

562.9 

573.0 

583.3 

593.6 

1700 

557.1 

564.3 

571.4 

578.3 

591.8 

600.9 

610.0 

620.7 

631.6 

642.7 

653.9 

1000 

600.4 

616.6 

624.6 

632.5 

688.3 

640.2 

647.8 

658.4 

668.9 

681.9 

695.1 

708.8 

722.7 

2060 

661.3 

670.5 

679.5 

697.0 

705.5 

716.2 

726.8 

739.1 

&.1 

764.2 

777.0 

2240 

714.3 

724.5 

734.5 

744.4 

754.0 

763.5 

774.9 

786.3 

799.4 

826.1 

839.8 
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202.4 
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%:l 

240.8 
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259.8 

too 

263.9 

266.6 

269.2 

271.8 

274.3 

276.8 

300.9 

307.5 

313.9 

000 

310.3 

313.8 

317.1 

320.4 

323.6 

ih 

326.8 

333.1 

339.4 

364.8 

400.6 

354.3 

361.8 

369.1 

425.6 

900 

357.9 

406.5 

362.1 

366.3 

370.3 

378.2 

430.8 

385.3 

392.3 

400.9 

417.3 

1160 

411.6 

416.5 

421.4 

438.7 

446.5 

455.6 

464.8 

474.2 

403.4 

1340 

456.I 

462.0 

466.9 

473.6 

479.2 

484.7 

493.3 

501.9 

511.8 

521.9 

532.2 

542.3 

1500 

506.6 

513.4 

520.2 

526.8 

m 

539.7 

549.1 

558.5 

569.2 

580.2 

591.4 

602.3 

1700 

557.8 

565.6 

573.3 

580.9 

595.6 

605.8 

616.O 

627.7 

639.4 

651.5 

663.4 

1000 

609.2 

610.1 

626,8 

635> 

643.8 

652.0 

664.1 

676.2 

690.6 

705.4 

720.6 

7 &‘ 8 

788.3 

2060 

662.1 

672.1 

681.9 

691.5 

700.9 

710.2 

722.1 

733-9 

747.1 

760.7 

774.6 

2240 

715.2 

726.3 

737.2 

747.8 

758.3 

768.6 

781.3 

794.0 

008.1 

822.6 

637.3 

851.9 
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TABLE T 


CONSTANTS FOR TEE CALCULATE)* OF ABSOLUTE 

Yiscoerrr or exhaust oas 


Temperature 

(°p) 


•1 

>1 

Cl 

®1 

■l 

01 

(elu£*/(aec) (ft) x 10*>) 

500 

0.507 

0.0223 

-0.0112 

0.726 

0 . 0*93 

0.202 

- 0.133 

700 

.663 

.0399 

-.0116 

.783 

.0537 

• 23 * 

-.159 

900 

.732 

.0580 

- .0121 

.85* 

.0591 

.270 

-.197 

1100 

.800 

.0756 

-.0121 

•903 

.0632 

• 300 

-.223 

1300 

.8 6 k 

. 09*5 

- .0121) 

•955 

.0672 

•331 

-.255 

1500 

.928 

.1116 

- 4)128 

1.008 

.0712 

•362 

-.286 

1700 

.977 

. 1280 

-.0131 

1.0*6 

. 07*1 

• 3»7 

-.308 

1900 

1.028 

• 1**3 

- .0133 

I.088 

• 077 * 

.*1* 

-.332 

2100 

1*077 

.1602 

- .0135 

1.130 

.0806 

.**0 

-.350 

2300 

1.125 

•1753 

-.0138 

1.169 

.0837 

.*65 

-.380 


TABLE 8 


CONSTANTS PC® THE CALCULATIO* OF THERMAL 
CONDUCTIVITT CBT EXHADbT 0A8 


Temperature 

(°F) 


32 

t>2 

C2 



<fe 

(Bttt/(a#c)(aq ft) (°F/ft) X 10 ^) 

500 

0.695 

0.0921 

-0.0127 

0.861 

0.0590 

0.306 

*.06 

700 

.81* 

.1315 

-.one 

.919 

.06*8 

.360 

*•39 

900 

.928 

.17*8 

-.one 

1.01* 

.0727 

.*26 

*.8* 

1100 

1.0*5 

.221* 

-.oni 

1.078 

•0787 

.*89 

5-35 

1300 

1.16* 

.2772 

-•0099 

1-153 

.0861 

.563 

5.87 

1500 

1.281 

• 3333 

-.0093 

1.231 

•0933 

.639 

6.32 

1700 

1.392 

• 39*7 

-.0085 

1.271 

. 097 * 

•710 

6 . 9 * 

1900 

1.500 

.*597 

-.0078 

1 - 3*5 

.10*3 

.793 

7 .48 

2100 

1.607 

.5293 

-.0068 

l .*15 

■1111 

.880 

8.01 

2300 

1.707 

.6033 

-.0051 

l .*72 

.1175 

.968 

8.60 
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TABIZ 9 


VARIATION CF EXHAUST -GAS PRAROTL NIMEER VHH EXHAUST -GAS TO-IPERATUKE, 
EUEL-AIR RATIO, AMD HTUROGEF -CARBON RATIO 


f 

t, 

0.01 

0.02 

0.03 

0.04 

0.05 

0.06 

0.07 

0.08 

0.09 

0.10 

0.11 

0.12 

l-o.io 


500 

0.679 

O.683 

0.686 

0.689 

0.692 

. 0.695 

0.699 

0.682 

0.646 

0.608 

0.573 

0.536 

700 

.672 

.67 6 

.679 

.683 

.686 

.690 

.693 

.678 

.645 

.608 

•573 

•539 

900 

.666 

.670 

.674 

.678 

.682 

.685 

.688 

.674 

..643 

.607 

•573 

•539 

1100 

.66e 

.666 

.670 

.673 

.677 

.681 

.6a 

.669 

.640 

.605 

•572 

.538 

1300 

.656 

.660 

.664 

.668 

.672 

.676 

.679 

.663 

.635 

.602 

.569 

•536 

1500 

.650 

.654 

.658 

.662 

.666 

.670 

.673 

.658 

.629 

•597 

.565 

•532 

1700 

. 61*4 

.647 

• 651 * 

.655 

.659 

.663 

.665 

.651 

.623 

•591 

•559 

•527 

1900 

.636 

.640 

.644 

.647 

.652 

.656 

.657 

.643 

.616 

• 5 a 

•552 

.520 

2100 

.627 

.631 

.635 

.639 

.643 

.647 

.648 

•635 

.607 

•576 

.544 

•513 

2300 

.619 

.623 

•627 

.630 

.634 

.638 

.639 

•627 

•597 

.568 

•535 

•504 

5 . 0.12 
0 



500 

0.679 

O.683 

0 . 6&7 

0.691 

0.695 

0.699 

0.698 

0.671 

0.629 

0.588 

0.552 

0.514 

700 

.672 

.676 

.680 

.685 

.689 

.693 

.691 

.668 

.629 

.589 

•554 

•519 

500 

.667 

.671 

.675 

.680 

.684 

.689 

.687 

.664 

.628 

.589 

.554 

•520 

1100 

.662 

.667 

.671 

.675 

.680 

.684 

.682 

.660 

.626 

.588 

.554 

.520 

1300 

.656 

.660 

.665 

.670 

.674 

.679 

.676 

.654 

.621 

.585 

•552 

•517 

1500 

.650 

.655 

.660 

.664 

.669 

.673 

.671 

.649 

.616 

.581 

.547 

•514 

1700 

.644 

.648 

•653 

.657 

.661 

.666 

.664 

.643 

.610 

•575 

•541 

•509 

1900 

.636 

.641 

.645 

.649 

.654 

.658 

.655 

.635 

.603 

.568 

•534 

.501 

2100 

.627 

.632 

.637 

.641 

.645 

.650 

.646 

.626 

.594 

.560 

.526 

• 495 

2300 

.620 

.624 

.628 

.632 

.636 

.640 

.636 

.617 

.5a 

•552 

.518 

. 49 r 






j 

1 

1 . 0.14 

0 . 







500 

0.679 

0.684 

0.689 

0.693 

0.698 

0.703 

0.698 

0.660 

0.613 

0.568 

0.530 

0.493 

700 

.673 

.677 

.682 

.687 

.692 

.697 

.690 

.657 

.613 

•571 

•534 

.499 

900 

.667 

.672 

.677 

.682 

.687 

.692 

.685 

.655 

.613 

.572 

•535 

.501 

1100 

.662 

.668 

.673 

.677 

.682 

.687 

.681 

.651 

.612 

•571 

•536 

.502 

1300 

.656 

.661 

.666 

.671 

.677 

.682 

.674 

.644 

,606 

.568 

•533 

.498 

1500 

.651 

.656 

.661 

.666 

.671 

.676 

.670 

.640 

.602 

.564 

•530 

.496 

1700 

.644 

.649 

.654 

.659 

.664 

.669 

.663 

•635 

• 5 S 7 

•559 

.524 

.491 

1900 

•g 7 

.642 

‘Si 

.651 

.656 

.661 

.654 

•627 

•590 

•553 

•517 

.4a 

2100 

.628 

.633 

.638 

.643 

.648 

.653 

.645 

.617 

.581 

.543 

•509 

•477 

2300 

.621 

.625 

.630 

.634 

.638 

.643 

.634 

.608 

•571 

•535 

.500 

.469 






1 

( 

* - 0.16 







500 

0.679 

0.685 

0.690 

0.696 

0.701 

0.707 

0.697 

0.649 

0-597 

0.548 

0.508 

0.471 

700 

.673 

.678 

.683 

.689 

.694 

.700 

.688 

.647 

•597 

•558 

•515 

•479 

900 

.667 

.672 

.678 

.684 

.690 

.695 

.6a 

.645 

.598 

•554 

.516 

.482 

1100 

.663 

.668 

.674 

.679 

.685 

.690 

.680 

.642 

.598 

.554 

.518 

.4a 

1300 

.656 

.662 

.668 

'Si 

.679 

.684 

.672 

.635 

-.592 

•551 

.514 

•479 

1500 

.651 

•6?r 

.662 

.668 

.674 

.679 

.668 

.631 

.589 

.548 

•513 

.478 

1700 

.645 

.650 


.661 

.666 

.672 

.662 

.627 

.5a 

•543 

.506 

•473 

1900 

.637 

.642 

.648 

.653 

.658 

.664 

.652 

.619 

•577 

•537 

•499 

.466 

2100 

.629 

.634 

.640 

.645 

.650 

.655 

.643 

.608 

.568 

•527 

.491 

•459 

2300 

.622 

.626 

.631 

.636 

.640 

.645 

.631 

.598 

•558 

•519 

.483 

.452 






I 

c 

| - 0.18 







500 

O.680 

0.685 

O.692 

0.698 

0.704 

0.711 

0.695 

0.638 

0.5a 

0.531 

0.490 

0.453 

700 

•673 

.679 

.685 

.693. 

•697 

•703 

.68 7 

.636 

.5a 

•537 

•497 

.461 

900 

.667 

.674 

.680 

.686 

.692 

.698 

.682 

*635 

.585 

•539 

•499 

.465 

1100 

.663 

.669 

.675 

.681 

.687 

.693 

.677 

.632 

.5a 

•539 

.501 

.466 

1300 

.6?r 

'Si 

.669 

-675 

.68K 

.688 

.671 

.627 

.580 

•536 

.498 

.463 

1500 

.652 

.658 

.664 

.670 

.676 

.682 

.666 

.623 

.576 

•532 

.496 

.461 

1700 

.645 

.651 

.657 

.663 

.669 

.675 

•659 

.618 

•570 

.527 

.490 

.456 

1900 

2100 

.638 

.630 

.644 

.636 

z 

•655 

.647 

.661 

.652 

$ 

.650 

.641 

.610 

.600 

.564 

•556 

•521 

•513 

.483 

.476 

.449 

.444 

2300 

•623 

.628 

.633 

.637 

.642 

.647 

.629 

.591 

• 5%7 

.506 

.469 

.438 
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C 
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500 

700 

900 

1100 

1300 

1500 

1700 

1900 

2100 

2300 

O.68o 

.673 

.668 

.663 

.658 

.652 

.646 

.639 

.631 

.624 

0.687 

.680 

.675 

.670 

.664 

.658 

.652 

.645 

.637 

.629 

0.694 

.686 

.681 

.676 

.671 

.665 

.658 

.651 

.643 

.634 

0.700 
.693 
.6 88 
.683 

.677 

.671 

.665 

•657 

.649 

.639 

0.707 

.700 

.695 

.690 

.684 

.678 

.671 

.664 

.655 

.644 

0.714 

.706 

.701 

.696 

.691 

.6a 

.677 

.670 

.660 

? 649 

0.693 

.686 

.679 

.674 

.670 

.664 

•657 

.649 

.639 

.628 

0 

0.568 

•571 

•572 

•571 

.568 

•563 

•557 

•551 

.544 

•535 

0.515 
•522 
.-524 
•523 
•521 
•517 
.512 
.506 
.4 99 
•492 

0.472 

& 

.4a 

.482 

.479 

.474 

.468 

.462 

.455 

0.436 

.443 

.447 

.448 

.447 

.444 

.440 

•435 

.430 

.424 
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Fire wall 
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Ram air intake 

Supercharger 


Nozzle exit 
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turbine 


Shroud air exit 


Exhaust-gas- 
turbine exit 


Fi-Sur© l.~ Illustration of a shroudsd 6xhaust - pip6 systom in an airplans. 
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Station 1 


Station 2 



Station 1 


Station 2 


tai 

*Pl 


Pa^ 

H- 


Exhaust pipe 

Shroud 

f 

] 

M Cooling-air flow 4 

r~ 



| Exhaust- gas flow 

— i 

• <>] 

Cooling-air flow ' 

> < J 


^ 1 ► 


' a 2 


' e 2 


'Pa, 


(b) Counter flow. NATIONAL ADVISORY 

COMMITTEE FOR AERONAUTICS 

Figure 2.- Illustration of symbols defined for a shrouded 

exhaust -pipe system. 
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Figure 3.- Schematic diagram of experimental exhaust -pipe -shroud 

test setup. 
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2 Pressure rake consisting of one 

static -pressure tube, one unshielded 
and four shielded total -pressure tubes 


3 Wall static -pressure orifice 

4 Shroud thermocouple 

5 Exhaust-pipe thermocouple 

6 Exhaust-gas thermocouple 


Figure 4.- Sketch of typical instrument station showing temperature - 

and pressure-measuring devices. 
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Figure 5.- 



Symbols 

O Total-pressure-tube position 
• Static-pressure-tube position 
11 Wall-static-orifice position 
X Exhaust-gas thermocouple position 
O Exhaust-pipe-thermocouple position 
0 Cooling-air-thermocouple position 
(- « — — indicates direction 

of traverse) 

Q Shroud-thermocouple position 

Sketch of typical instrument station showing relative 
location of instruments. 
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Figure 6.- Comparison of calculated with measured downstream exhaust-gas temperatures. 
(Calculated temperatures based on air properties and corrected arithmetic mean air 
temperatures.) 
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Calculated exhaust-pipe temperature 
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Measured exhaust-pipe temperature, °F 


(a) Station 1. (b) Station 2. (c) Station 3 . 

Figure 7.- Comparison of calculated with measured exhaust -pipe temperatures. (Calculated 
temperatures based on air properties and corrected arithmetic mean air temperatures.) 
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Figure 8.- Comparison of calculated with measured downstream 
cooling-air temperatures. (Calculated temperatures based on 
air properties and corrected arithmetic mean air temperatures. 
Measured temperatures are corrected arithmetic means.) 
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Figure 9.- Relation of the measured shroud temperature to the measured cooling-air temperature. 
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. ,, , „ „ ^ NATIONAL ADVISORY 

Cooling-air Reynolds number, R COMMITTEE FOR AERONAUTICS 

Figure 10.- Variation of friction factors for the exhaust -pipe -shroud setup and for commercial and 

smooth circular pipes with cooling-air Reynolds number. 
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Figure 11.- Comparison of calculated with measured total -pressure 
losses for the isothermal and heat -transfer tests. (Calculated 
pressure losses based on arithmetic mean pressures and 
calculated downstream air temperatures based on air properties 
and corrected arithmetic mean air temperatures. ) 


Air inlet Air in/et 



Figure 12.- Diagrammatic sketch of a multisegment exhaust -pipe -shroud system for parallel flow. 
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Figure 13,- Variation of ' with cooling-air temperature. 
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Figure 14.- 


Variation of the factor 



with exhaust -gas temperature. 
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Figure 15.- Variation of the factor 0 with diameter ratio. 
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Figure 16.- Variation of the choke factor 
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Figure 16.- Continued. 
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Figure 16.- Concluded. 
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(a) Cooling-air pressure drop available at shroud entrance. 

Figure 17.- Curves determined and used in the application of the 
design methods to the example. 
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(b) Variation of choke factor with cooling-air flow rate. 
Figure 17.- Continued. 
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Figure 17.- Continued. 
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(f) Downstream exhaust-gas temperature. 
Figure 17.- Continued. 
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(g) Downstream cooling -air temperature. 



(h) Downstream exhaust -pipe temperature. 
Figure 17.- Continued. 
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(i) Curve for determination of choke factor. 


Figure 17.- Continued 
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(j) Cooling-air pressure drop required and available in 
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Figure 17.- Concluded. 
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Figure 18.- Variation of instantaneous specific heat and enthalpy with air temperature. 
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Figure 19.- Variation of thermal conductivity, Prandtl number, and absolute viscosity with 

air temperature. 
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Figure 20.- Variation of enthalpy, referred to 0° absolute with 
exhaust-gas temperature for 0.10 hydro gen -carbon ratio. 
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Figure 21.- Variation of instantaneous specific heat with exhaust-gas 
temperature for practical fuel-air and hydrogen-carbon ratios. 
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(b) H/C : 0.16, 0.18, 0.20 
Figure 21.- Concluded. 
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Figure 22.- Variation of exhaust-gas viscosity with temperature for 
0.10 and 0.20 hydrogen-carbon ratios and various fuel-air ratios. 
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(a) H/C : 0.10. 

Figure 23.- Variation of thermal conductivity with fuel-air ratio for 

various exhaust -gas temperatures. 
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Figure 23.- Concluded. 
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Figure 24.- Variation of Prandtl number with fuel-air ratio for 
various exhaust-gas temperatures and hydrogen -carbon ratio 
of 0.10. 








